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Preface

The Korean Government Commission for the Analysis of the Relationship between the Pohang
Earthquake and EGS (Enhanced Geothermal System) project would first like to express its gratitude to
the Pohang citizens, who have patiently waited throughout the Commission’s research process despite the
hardships they faced due to the earthquake, those who facilitated and offered data for the research, and

relevant authorities who have aided the study.

The Government Commission on the Pohang Earthquake was organized and led by the Geological
Society of Korea (Chairperson Kang—Kun Lee, President of the Geological Society of Korea, Professor of
School of Earth and Environmental Sciences at Seoul National University) consisted of a National
Committee with 12 experts across 4 academic disciplines including seismology, hydrogeology, geomechanics/
structural geology, and geophysical exploration, an Overseas Research Advisory Committee (ORAC) with
5 international experts, and an advisory board with 2 members. The Commission conducted the research

and study, beginning in March 2018, for 1 year.

The experts of the National Committee and the ORAC administrated their research according to
their specialties and acquired findings in each area. The ORAC collected the findings, led independent
discussions about the relationship between the Pohang earthquake and the EGS project, and submitted its
conclusions to the Commission Chairperson. The Chairperson considered both the findings of the
National Committee and the discussion conclusions of the ORAC to derive final conclusions of the

research, which led to this publication.

The Commission has reached conclusions on the relationship between the causes of the earthquake
and the EGS project based on its findings, and the findings and conclusions will be completely published
through the final report, conference presentations, and academic papers. In addition, the final report that
contains all information on the research conducted and relevant data will be available sometime after

April 2019, the official end of the Commission.
The abridged report being released with this presentation contains the main and summarized

conclusions that constitute the most relevant information to today’s conclusions. This abridged report will

be utilized as an explanatory resource for the causes of the Pohang earthquake until the final report is

v



released and will be made available and downloadable to the public through the Geological Society

of Korea website (www.gskorea.or.kr).

We offer our sincerest gratitude to everyone who has supported the work of the Korean Government

Commission on the Pohang earthquake consisting of international and national scholars.

March 20, 2019

Kang—Kun Lee, Ph.D.
Korean Government Commission Chairperson
President of the Geological Society of Korea

Professor, Seoul National University
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Overseas Research Advisory Committee Report on the Pohang Earthquake

Executive Summary

On the afternoon of November 15, 2017, the coastal city of Pohang, Korea, was rocked by
a magnitude 5.5 earthquake (Mw, USGS). The earthquake injured 135 residents, displaced
more than 1,700 people into emergency housing and caused more than $75 M (USD) in
direct damage to over 57,000 structures and over $300 M (USD) of total economic impact,
as estimated by the Bank of Korea. This was the most damaging earthquake to strike the
Korean Peninsula for centuries.

Questions soon arose about the possible involvement in the earthquake of the Republic of
Korea's first Enhanced Geothermal System (EGS) project, as the epicenter of the quake
was located near the project’s drill site. Debate within the Korean and international
scientific communities did not resolve whether the earthquake as associated with the EGS
or of purely tectonic origin.

Following this, the Pohang EGS project was suspended and the Korean Government
commissioned the Geological Society of Korea to produce an evaluation report. An Overseas
Research Advisory Committee (ORAC) was formed, consisting of William Ellsworth (Stanford
University, United States), Shemin Ge (University of Colorado Boulder, United States;
co—chair), Domenico Giardini (ETH Ziirich, Switzerland; co-chair), Toshihiko Shimamoto
(China Earthquake Administration) and John Townend (Victoria University of Wellington, New
Zealand).

ORAC's mandate was to elucidate the origin of the Pohang November 15, 2017 mainshock.
The committee’s work started in March 2018, and included four meetings in Korea and
intense work with Korean colleagues. The work involved performing ORAC's own analyses
and taking into account the results and evidences collected by other groups and
researchers working on the earthquake sequence, as well as data made available by the
NexGeo project operator and by agencies involved in monitoring the seismicity during the
EGS development.

The Pohang EGS project was intending to create an artificial geothermal reservoir within
low-permeability crystalline basement by hydraulically stimulating the rock to form a
connected network of fractures between two wells, PX-1 and PX-2.

Forensic examination of the tectonic stress conditions, local geology, well drilling data, the
five high-pressure well stimulations undertaken to create the EGS reservoir, and the
seismicity induced by injection produced definitive evidence that small earthquakes
induced by high—-pressure injection into the PX-2 well activated the fault that ultimately
ruptured in the Mw 5.5 earthquake.
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Pre-drilling site investigations failed to identify any active faults in the vicinity of the EGS
project, but also indicated that the faults in the region capable of generating moderate or
large earthquakes were critically stressed, as shown by stress state investigations and by
the occurrence in 2016 of the M. 5.8 (Myw 5.4, USGS) Gyeongju earthquake nearby.

During drilling, a fault zone was crossed by the PX-2 well at almost 4 km depth, where
extensive mud loss occurred that triggered seismic events. The fault’s position and
orientation were delineated by the seismicity induced during subsequent injections into
PX-2. The locations of these earthquakes relative to the borehole, their delineation of a
planar structure that projects to a fault zone recognizable in borehole logs — which
subsequent seismological and geodetic observations indicated was likely the mainshock
fault — and the occurrence of seismicity releasing tectonic strain during each stimulation
phase indicate that this pre-existing fault was highly sensitive to perturbations. The events
associated with PX-2 injection affected a portion of the fault of approximately 600 m X
1,000 m dimensions; foreshocks occurred in the 24 hours preceding the mainshock, which
initiated in the lower part of the fault already stimulated by the PX-2 injections.

ORAC concludes that the Pohang earthquake was triggered by the EGS stimulation.
Seismicity induced by injection activated a previously unmapped fault zone, which in turn
triggered the mainshock. Once initiated, the Pohang earthquake grew through the release
of tectonic strain.

The cuttings extracted during the drilling of PX-2 contained a large amount of fault gouge
at depths of about 3,800 m, close to the biggest mud-loss zone, revealing the presence
of a fault. The fault's location is close to the intersection with the PX-2 well of the main
fault inferred from seismicity. Hydraulic modeling of the injections in PX-1 and PX-2
corroborate the conclusion that the fault responsible for the Mw 5.5 earthquake was
stimulated by the PX-2 injection.

Important lessons of a general nature can be learned from the Pohang experience, and
can serve to increase the safety of future EGS projects in Korea and elsewhere.

The ORAC report represents the unanimous opinion of the ORAC members.
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1.1. Pohang earthquake of 15 November 2017

On November 15, 2017, a magnitude (M) 5.5 earthquake shook the city of Pohang, Korea
(Figure O—1). The earthquake injured 135 residents, displaced more than 1700 people into emergency
housing and caused more than $75 M (USD) in direct damage to over 57,000 structures and over
$300 M (USD) of total economic impact, as estimated by the Bank of Korea. This was the most
damaging earthquake to strike the Korean Peninsula for centuries. Questions soon arose about the
possible involvement in the earthquake of the Republic of Korea’s first Enhanced Geothermal System

(EGS) project, as the epicenter of the quake was located near the project’s drill site.

1.2. Enquiry terms of reference

Shortly after the 2017 Pohang earthquake, a debate arose regarding the cause of the earthquake.
The central question in this debate was whether the EGS stimulations had triggered this earthquake.

On one side of the debate is the argument that the 2017 Pohang earthquake is a natural event
unrelated to EGS activities. Situated on the eastern margin of the Eurasian tectonic plate, the Pohang
area and Korea in general exhibit low levels of seismicity in comparison with neighboring Japan and
China. However, damaging earthquakes have happened in historical and modern times. Faults active
during the Quaternary are recognized [Ree et al, 2003], and the region has experienced some
seismicity in recent decades including the My 4.5 Yongwol event in 1996 and the My 5.8 (My 5.4)
Gyeongju event in 2016 [Kim et al., 2018b; Kim et al, 2016; Lee et al, 2018 ]. During a period from
the 15" to the 18" centuries, southeastern Korea experienced elevated levels of seismicity [Lee and
Yang, 2006 ].

An alternative view is that the 2017 Pohang earthquake was triggered by the hydraulic stimulations
at the Pohang EGS site nearby. The hydraulic stimulations took place over the two years prior to the
Pohang earthquake. There are clear spatial and temporal correlations between hydraulic stimulation
activity and earthquake occurrences. EGS hydraulic stimulations elsewhere such as in Basel, Switzerland
[Deichmann and Giardini, 2009], are known to have caused damaging earthquakes and forced
geothermal operations to be shut down.

The historical and recent occurrence of tectonic earthquakes nearby does not preclude the
possibility that the 2017 Pohang earthquake was triggered by EGS activities. While spatial and
temporal correlations are the primary basis for linking hydraulic stimulation to earthquakes, they do not

necessarily demonstrate causation and in the case of the Pohang earthquake require specific investigation.
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1.3. Composition and mandate of the Overseas Research Advisory Committee
(ORACQ)

To address the central question of whether EGS activities triggered the Pohang earthquake, the
Geological Society of Korea, on behalf of the Korean government, assembled a panel of researchers to
form the Overseas Research Advisory Committee (ORAC) with expertise covering seismology (Ellsworth,
Giardini), geomechanics (Townend, Giardini), geology (Shimamoto), and hydrogeology (Ge).

ORAC’s mandate was to answer authoritatively the question “Was the Pohang event induced?”

ORAC worked from March 2018 to March 2019, with the committee members making four visits
to Korea and interacting extensively with Korean colleagues. The work involved undertaking new analysis
and taking into account the results and evidence collected by other groups and researchers working on
the earthquake sequence, as well as data made available by the EGS project team (NexGeo and the
Korean Institute of Geoscience and Mineral Resources, KIGAM), the Korea Meteorological Administration
(KMA), and university researchers not involved in either the official inquiry or the EGS project.

In this report, all times and dates are given in Universal Coordinated Time (UTC), which is nine
hours behind Korean Standard Time (KST).

1.4. Pohang EGS project overview

The Pohang Enhanced Geothermal System (EGS) Project was intended to demonstrate the potential
of geothermal energy production in a ~4 km—deep granodioritic reservoir overlain by Cretaceous
volcanics and sedimentary rocks, Tertiary volcanics and sedimentary rocks, and Quaternary sediments.
The Pohang area is one of the highest heat—flow areas in Korea and has been the focus of dedicated
geothermal research since 2003 [Lee et al, 2010].

Over the course of approximately four years from 2012 to 2016, two exploratory wells named
PX~-1 and PX-2 were drilled into the bedrock to develop the enhanced geothermal system (Figure
O-1). PX-1 had a designed depth of 4,127 m, but the drill pipe became stuck and was broken and
not recoverable below a depth of 2,485 m. PX-1 was later side—tracked and extended in the WNW
direction to a depth of 4,215 m, measured depth (MD) 4,362 m. PX-2 was drilled to a depth of
4,340 m (MD 4,348 m). Note that all depths were measured from the drill rig floor, which is 9 m
above the ground surface.

PX-1 and PX-2 are 6 m apart from each other in the north—south direction on the ground
surface but they are approximately 600 m apart at the bottom. Both wells are cased along their length
except for the bottom 313 m in PX-1 and 140 m in PX-2. These bottom intervals are open for fluid
injection and flow back. The inner diameters of the casing and open intervals are 155 mm and 216 mm,

respectively.
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Figure O-1. Pohang EGS location and the schematics of the two exploration wells PX-1 and PX-2.

1.5. Project timeline

Five hydraulic stimulations were conducted in PX-1 and PX-2 between January 29, 2016 and
September 18, 2017. The first, third, and fifth stimulations were conducted in PX-2 and the second
and fourth in PX-1. Each hydraulic stimulation involved multiple periods of injection, when water is
forced into the formation under a wellhead pressure and repeated periods of shut—in or water flowing
back to the surface. The Pohang earthquake occurred during shut—in of PX-1 and flow—back of
PX-2 after the fifth stimulation.

Injection rates and wellhead pressures for all five stimulations were recorded. The temporal
resolutions for these data are seconds for PX-1 and one minute for PX-2. Figure O-2 shows the
injection rates and the net injection volume over the entire period of five stimulations. The volumes of
3 and 3,968 m’. The volumes of water
injected into and flowed back from PX-2 are 7,135 m® and 2,989 m’. Thus, a net volume of 5,841 m’

of injected water remains in the subsurface.

water injected into and flowed back from PX-1 are 5,663 m

In PX-2, the maximum wellhead pressure and injection rate reached 89.20 MPa and 46.83 X 107° m’/s
during the first stimulation. In PX~-1, the maximum wellhead pressure and injection rate reached 27.71
MPa and 19.08 % 10~* m’/s during the second stimulation. Injection pressures were higher overall for
PX-2 than for PX-1 at similar injection rates. Seismicity accompanied each stimulation and continued

for up to several months (Figure O-2).
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Figure O-2. Timeline of the Pohang EGS stimulations and seismicity leading up to the November 15, 2017 Mw
5.5 Pohang earthquake. Earthquakes with measured local magnitudes (M.) are represented by colored dots
(left-hand scale). Daily injection and flow-back volumes and the cumulative net injection volume are illustrated
with colored lines (right-hand scales).

1.6. Terminology used in this report

Earthquakes can occur as a consequence of a wide variety of industrial activities, including the
impoundment of high dams, underground mining, petroleum production and storage, geothermal energy
extraction, CO, sequestration and wastewater disposal by injection [£llsworth, 2013; Grigoli et al.,
2017]. The earthquakes caused by these activities are sometimes referred to as “induced” or “triggered”
to identify them as being of anthropogenic origin.

In the scientific literature, “induced” and “triggered” are sometimes used to draw a distinction
between earthquakes that primarily release strains created by the industrial process (induced) and
earthquakes that primarily release natural tectonic strain (triggered; e.g. McGarr et al., 2002). The
term “induced” is also used to refer to all anthropogenic earthquakes, as only human activity can
induce earthquakes, while natural earthquakes routinely trigger other earthquakes.

Because use of terms “induced” and “triggered” can be confusing, we adopt the following definitions
for these terms in this report in the specific context of activities connected to the Pohang EGS project:

Induced Earthquakes occur within the volume of rock in which pressure or stress changes as a
consequence of injection. Their magnitudes are consistent with the spatial dimension of the stimulated
volume. They can occur both during injection and after injection ceases. They may release tectonic
strains or strains created by injection pressure or volume.

Triggered Earthquakes are runaway ruptures, initiated by anthropogenic forcing that grow in size

0-10
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beyond the bounds of the stimulated region. They release tectonic strain.

As an example, within a volume affected by stimulation with a diameter of 1,000 m, earthquakes
as large as approximately magnitude 4 would be classified as induced, as they would largely be
contained within the stimulated zone. Earthquakes with magnitudes exceeding 5 would be classified as

triggered as their ruptures would extend beyond the stimulated volume.

_ Regional setting

2.1. Geological history

The Pohang EGS site is located within the Pohang Basin, one of several sedimentary basins that
formed in the early Miocene during back—arc extension and opening of the East Sea [Son er al,
2015]. The basin is bordered to the west and south by the N-striking Western Border Fault and the
NE-striking Ocheon Fault System, respectively, which are each composed of strike—slip and normal
fault segments that formed during the basin’s extensional phase [Cheon et al., 2012; Son et al, 2015].
A change in regional tectonics in the late Miocene resulted in broadly ENE —WSW compression across
the southeastern Korean Peninsula [Chough et al, 2000; Park et al, 2007].

Surface mapping and borehole investigations undertaken prior to the EGS project revealed a thin
layer of Quaternary alluvium overlying a 200—400 m-—thick Tertiary mudstone, ~1000 m-thick
Cretaceous sandstone/mudstone sequence interlayered with Eocene volcanic intrusions, ~900 m—thick
Cretaceous volcanics, and granodioritic basement below approximately 2.2 km [Kwon et al, 2018;
Lee et al, 2015].

The geothermal gradient near Pohang has been recognized since the 1960s as being higher than
in most other parts of Korea, in which the average geothermal gradient is 25C/km [Lee et al,, 2010].
Exploratory drilling and geophysical surveys conducted by the Korean Institute of Geoscience and
Mineral Resources (KIGAM) between 2003 and 2008 revealed a much higher geothermal gradient in
Pohang and temperatures at 5 km depth of ~180°C [Lee er al, 2015; Lee et al, 2010]. These findings
formed the basis of the Pohang EGS project (from 2010) and the drilling of the PX-1 and PX-2 wells.

2.2. Active faulting in southeast Korea

Most earthquakes on the Korean Peninsula are too small to leave geological evidence at the

surface and neither the 2016 Gyeongju earthquake nor the 2017 Pohang earthquake produced a
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distinct surface rupture — although ground damage indicative of faulting was observed at Pohang [Chor
et al, 2019; Gihm et al, 2018]. Paleoseismic investigations of active faults have not proven effective
in Korea and geologists have instead considered active those faults that dissect Quaternary formations
and referred to them as “Quaternary faults”.

Much of the Quaternary faulting recognized in southeastern Korea occurs on subsidiary faults
associated with the Yangsan and Ulsan faults [Ree et al, 2003]. Those associated with the Yangsan
fault tend to be N— or NNE-striking subvertical dextral strike—slip faults, whereas those associated
with the Ulsan fault are typically NNE—- to NNW-striking reverse faults [Ree er al, 2003].

The EGS drill site is situated within 5 km of the E-striking Heunghae Fault and the NNE-
striking Gokgang Fault, which together bound the northeast corner of the Doumsan structural domain.
The blind Gokgang fault has a similar strike to the fault that ruptured in the 2017 Pohang earthquake,
but an antithetic (ESE) dip. No Quaternary faulting close to the EGS site was recognized prior to the
2017 earthquake, although Quaternary faults had previously been identified within 15 km of the site
at outcrops on the Yangsan fault and Wangsan faults [Ree and Kwon, 2005; Ree et al, 2003].

2.3. Historical and recent seismicity of Korea

The Korean Peninsula exhibits much lower rates of seismicity than surrounding regions, particularly
Japan. The Korean Meteorological Administration’s online seismicity catalog lists only 10 earthquakes
larger than M 5 in the Korean region since national seismic monitoring began in 1978 (http://www.
kma.go.kr/weather/earthquake_volcano/domesticlist.jsp, last accessed 26 February 2019). The historical
record of seismicity spans two millennia and reveals that earthquakes have occurred throughout the
Korean Peninsula [Lee and Yang, 2006 ]. The attribution of preinstrumental earthquakes to specific
faults is difficult [Houng and Hong, 2013] but the historic catalog indicates the occurrence in

”

southeastern Korea of more than 100 “felt” earthquakes, of which at least 11 produced Modified
Mercalli Intensity shaking exceeding VIII [Kim er al, 2018b]. This latter group includes a M~6.7
earthquake in 779 AD and M~6.4 earthquake in 1306 AD. The historical seismicity in southern Korea
proves that the major active fault systems identified in the regional geology (such as the Yangsan
fault) have been active in historical and recent times [Lee and Yang, 2006 ].

The most recent large event to occur in southeastern Korea prior to the 2017 earthquake was the
M; 5.8 My 5.4) Gyeongju earthquake of 12 September 2016, which was preceded 48 minutes earlier
by a My 5.1 foreshock. These events occurred approximately 40 km south of the Pohang EGS site.
Aftershock relocations and analysis of the foreshock and mainshock focal mechanisms indicated
strike—slip motion on a steeply—east—dipping NNE-striking fault plane at mid—crustal depths of

approximately 15 km [Hong et al, 2017; Kim et al., 2018b].

0-12



Overseas Research Advisory Committee Report on the Pohang Earthquake

2.4. Regional stress field

Earthquakes are a manifestation of faults slipping in response to the stresses acting on them, and
it is therefore important to understand the state of stress near the Pohang EGS site in order to
understand the cause of the Pohang earthquake.

The susceptibility of a fault to slip in shear in response to a particular state of stress is governed
by the Mohr—Coulomb criterion, 7 = u (S, — Fr), where 7 is the shear stress, S, is the normal stress,
Pris the fluid pressure, and u is the coefficient of friction. The shear and normal stresses depend on
the orientation of the plane of interest, typically represented by its strike and dip, and the orientations
and magnitudes of the three orthogonal principal stresses, S;, S, and S3 where $;2>5,>53 and we
adopt the geological convention that compressive stresses are positive numbers. The fluid pressure is
the sum of the background fluid pressure, which at shallow depth in the crust generally increases
linearly with depth, and any spatial or temporal perturbation.

To fully specify the state of stress, we ideally require knowledge of six parameters specifying the
magnitudes and orientations of S;, S, and S In many cases, one of the principal stresses is observed
to be oriented vertically and is referred to as the vertical stress, S,. The orientations of all three
principal stresses can then be described by specifying which of the principal stresses is vertical and the
orientation of the azimuth of maximum horizontal compressive stress (“Spmay). The terms “normal
stress state”, “strike—slip stress state” and “reverse stress state” are used to refer to the case in which
S, S, and S respectively, is the vertical stress. A common situation, especially when estimating stress
parameters from seismological data, is to know the orientations of all three principal stresses and a
single stress magnitude parameter R = (8, — S52)/(S; — S3).

The state of contemporary tectonic stress in the Korean Peninsula has been studied by several
groups in recent years using a variety of borehole and seismological techniques [Kim er al, 2017; Lee
et al., 2017b; Soh et al., 2018]. We focus here on those results most pertinent to stress in the vicinity
of the Pohang EGS site and at depths comparable to the depth of the 15 November earthquake.

Soh et al. [2018] mapped stress parameters throughout the Korean Peninsula using earthquake
focal mechanism analysis and documented a strike—slip stress state (S, = S,), R~0.85, and ENE-
WSW Spimax Orientation in southeastern South Korea. Analysis of focal mechanisms recorded between
1997 and 2016 within 70 km of the Pohang EGS site yields a strike—slip stress state (S, = 5),
R~0.88, and Sy = 074° (see Chapter 4). This result is similar to that obtained using the focal
mechanisms of aftershocks following the 15 November 2017 earthquake (R = 0.87, Sy = 086°).

The state of stress at shallow depths within ~10 km of the EGS site was investigated using
borehole data by Kim er al [2017] and Lee er al [2017al, who derived Sp.. estimates of
approximately 130° at depths of ~700 m and inferred the stress state to be strike=slip.

Quaternary fault data have also been used to determine the regional stress field representative of
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longer time scales and broader spatial domains. Park et al. [2006] analyzed 24 fault slip measurements
from southeastern Korea and inferred a reverse stress state with an azimuth for the subhorizontal S;
axis of approximately 070°. That analysis, however, indicated a stress ratio of R = 0.35, lower than

obtained from seismological or borehole measurements.

_ Site geology and geophysics

3.1. Pre-drilling site investigations and local stratigraphy

Prior to the drilling of PX-1 and PX-2, an extensive program of geophysical site characterization
was undertaken by the Korea Institute of Geoscience and Mineral Resources (KIGAM), as detailed in
Chapter 3. Magnetotelluric measurements revealed W-dipping conductive features beneath the EGS
site, which were interpreted as fracture zones and potential geothermal targets [Lee et al, 2015].
However, the limited spatial resolution of the models did not enable the presence of a large discrete
fault to be determined.

During the drilling of PX-1 and PX-2 the drill cuttings were analyzed at regular depth intervals
by on-site geologists who created records of lithologic observations referred to as “mud logs”. These
observations were used to identify the geologic units crossed by the drill holes and the depths of
formation boundaries. The integrated stratigraphy of the PX-1 and PX-2 wells inferred from mud
logs and wireline geophysical measurements undertaken during drilling, and later reanalysis of cuttings,
is described in detail in Chapter 2. The stratigraphy consists of Miocene Pohang Basin sediments
extending to a depth of ~200 m, overlying Cretaceous sedimentary and volcanic rocks and Paleozoic
granodiorite below ~2,350 m.

A seismic velocity model based on check—shot data, PX-2 sonic logs and the borehole stratigraphy
was constructed during the course of the Korean Government Commission’s inquiry (see Chapter 4)
and augmented with regional seismological observations to form the composite model used to determine

the location of the seismic activity (see Chapter 5).

3.2. Petrographic analysis of fault zones identified during drilling

Identifying faults that cross the drill holes is important for understanding the geologic framework
of the Pohang earthquake. Most drill cuttings are fresh and angular as shown in Figure O-3a.

However, the cuttings from PX-2 in the depth interval from 3,790~3,816 m contain a large fraction
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of round-shaped “mud balls” that can be broken easily by hand (Figure O-3b). Figure O—3c illustrates

the microstructure of a mud ball showing a typical fault gouge structure in which clasts are scattered

Figure O-3. (a, b) Photographs of representative (a) rock fragments and (b) mud balls extracted from cuttings
at a depth of 3,798 m in the PX2 borehole (with T mm blue grid shown for scale). In this sample, mud balls
account for ~65 wt.% of the cuttings. (c, d) Photomicrographs under a stereo—microscope of (c) incohesive fault
gouge constituting a mud ball from 3,798 m and (d) a granitic cataclasite from 3,825 m. (e) A summary of fault
and mud-loss data for the depths of 3,785~3,840 m in the PX-2 borehole, revealing a large-scale fault. The
mud-loss data were quoted from an unpublished compilation of drilling data by Geo-Energie Suisse.
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within a sheared and foliated matrix. Detailed microscopic examination of over 100 mud balls
(summarized in Figure O—3e) reveals that they are fragments of fault gouge and breccia. Fragments of
cohesive cataclasite such as that shown in Figure O—3d were also observed. Cuttings below 3,791 m
contain fragments of granite (e.g., pinkish fragments in Figures O—3a, O-3c¢ and O-3d), in contrast
with granodiorite mixed with fine—grained igneous rocks at shallower depths. The data illustrated in
Figure O-3e indicate the presence of a fault gouge and breccia zone several meters in thickness.

In August 2018, the Korean investigation team ran wireline logs in PX-2 to better understand the
borehole environment after the earthquake. The logging tools were unable to descend below 3,783 m
(Figure A—1-3) due to obstruction of the well. This depth nearly coincides with the top of the fault
gouge zone illustrated in Figure O—3e. It is possible that fault movement during the Pohang earthquake
caused damage to the borehole at this depth.

The biggest mud loss occurred at depths of 3,830~3,840 m in October — November 2015 while
PX-2 was being drilled, and required lost circulation material to be pumped into the well to stabilize
the hole and prevent further mud loss. The data shown in Figure O—3e suggest that the mud loss

occurred in a fault zone within fractured host rocks. The mud loss event is discussed in Section 4.1.

3.3. Frictional characteristics of basement rocks

The frictional properties of the basement rocks were determined from cuttings from a depth of
3,607 m in PX-2 and analogous granitic lithologies sampled in nearby fault outcrops. Three velocity—
cycle tests and three normal-stress cycle tests were conducted at a temperature of approximately
200°C, slip rates of 0.17, 1.6 and 17 xm/s, and effective normal stresses to 30 MPa with pore water
pressure of 30 MPa. The effective normal stress at which the experiments were conducted is likely to
be lower than in situ, but is limited by the particular testing apparatus used. These materials exhibited
steady—state friction coefficients in the range typical of crustal rocks (0.60—0.85): the specific values
of the Pohang cuttings were 0.54~0.68 (0.63 on average). These materials exhibited slight velocity—
weakening, meaning a decrease in steady—state friction with increasing slip speed that can lead to an

earthquake.

3.4. State of stress at the Pohang drill site

Measurements made during and after drilling enable us to construct a local stress model that shares
some features of the regional stress model described above but which reflects measurements specific to
the EGS site. Full details of the observations and interpretations underpinning the stress analysis are
provided in Chapter 4.

Dipole sonic logging of the PX-2 borehole in August 2018 revealed the presence of anisotropy
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features at depths of 3.4~4.3 km that are interpreted to indicate an axis of maximum horizontal
compression (g, oriented 077+23°. This orientation is consistent with the pre=2017 regional
orientation computed from focal mechanisms and is our preferred value in the analysis below.

The fluid pressure regime surrounding the PX-1 and PX-2 boreholes is presumed here to have
been hydrostatic. High mud weights (exceeding 1.6 g/cm?) were used while drilling below ~2.7 km in
PX-2, but there are no indications recorded in the drilling reports of suprahydrostatic fluid pressures.

Our preferred model of stress corresponds to a critically—stressed reverse stress state evaluated at
4.2 km (S, = 83 = 106 MPa), with hydrostatic fluid pressure, R = 0.90, and an Sg.y orientation of
077423°. Based on the analysis described in Chapter 4 of the Summary Report, we adopt values for
the maximum and minimum horizontal stresses of Srmax = S; = 243 MPa and Spmin = 52 = 120 MPa,
respectively. The Sgmay value is computed assuming that the crust is in a state of frictional equilibrium
governed by slip on faults with a coefficient of friction of 0.6. The Spmin value is taken from step—rate
tests and fracture propagation analysis of PX-2. A Mohr circle representing the preferred model of
stress is illustrated in Figure O—4. This diagram represents the combinations of shear and normal
stress acting on planes of different orientations, and the frictional failure constraint for a friction
coefficient of x = 0.6.

In Sections 4.3 and 6.3, we also consider an alternative model of stress based on the analysis of
regional focal mechanisms recorded prior to the Pohang earthquake (“regional model”; see Chapter 4).
The regional model (Table O—1) corresponds to a strike—slip stress state and is based on the estimates
of R and Spmax obtained by Soh et al. [2018], converted to principal stress magnitudes at a depth of
4.2 km assuming that S, = &, and that the state of stress is governed by frictional failure for a

friction coefficient of 0.6.

Table O-1. Preferred and alternative (regional) stress models. Both models assume hydrostatic fluid pressure. S,
So Sz—maximum, intermediate, and minimum principal stresses; S,— vertical stress;  Simax— maximum
horizontal compressive stress; Spmi»— minimum horizontal compressive stress; £ = (S7-52)/(5:-53).

Preferred Reverse 243 (Shmax) 120 (Shmin) 106 (S,) 077° 0.90

Regional Strike-slip 203 (Stimex) 106 (Sv) 93 (Shmin) 074° 0.88
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¢

Figure O-4. Mohr circle illustrating the preferred model of stress in the vicinity of the EGS site. The unshaded
circles represent the state of stress if the fluid pressure were zero, and the purple circles show the
corresponding state of stress for a hydrostatic fluid pressure regime.

_ Seismicity associated with injection

In this section, we examine the temporal and spatial patterns of seismicity induced by injection
into PX-1 and PX-2. Our interpretations are based on a comprehensive reanalysis of the seismicity
performed in partnership with our colleagues who are part of the Geological Society of Korea's
investigation of the earthquake. Details of the investigations are contained in Chapter 5. Local geological
and geophysical data were used to develop a crustal velocity model for locating the earthquakes. A
precise calibration of earthquake locations derived from the model was performed using data from a
multi-level seismic array installed in PX-2 during the August 2017 stimulation of PX-1. Seismic
waveform data were collected from all available seismic stations within 100 km of the site, and
earthquakes were identified using a matched—filter technique. Earthquake hypocenters were determined

from a combination of phase arrival time readings and waveform cross—correlation measurements
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made by the project team using well—established location procedures. New magnitudes were determined
using a calibrated local magnitude scale (My). In addition, moment magnitudes (My) were computed
for many of the events,

A total of 519 earthquakes were detected between January 1, 2009 and the time of the Pohang
mainshock (Figure O-5). More than half of these events (277) locate further than 10 km from the
EGS project drill site. Of the 239 events spatially associated with the drill site, the earliest occurred on

November 1, 2015. High—precision earthquake hypocenters were determined for 98 of these events.

Figure O-5. Epicentral distribution of 519 earthquakes detected between January 1, 2009 and November 15,
2017 in the Pohang region. Earthquakes within 10 km of EGS project drill site (yellow triangle) and shallower
than 10 km are shown in green, and the four deeper than 10 km in blue; earthquakes further than 10 km from
the drill site are shown in red. Geological lineaments and faults are shown as gray lines.
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4.1. Temporal patterns of seismicity before and during drilling

The temporal characteristics of seismicity that occurred before drilling, while PX-1 and PX-2
were being drilled, and after completion when they were stimulated by high pressure injection of water
are the key factors for understanding the origin of the November 15, 2017, My 5.5 Pohang mainshock.
The first two phases are discussed here, and the seismicity associated with injection is discussed in

Section 4.2.

4.1.1. Seismicity near the EGS site prior to simulation

The analysis of the instrumental seismicity recorded by KMA shows that no instrumental
seismicity with My > 2.0 has been detected within 10 km distance of the Pohang EGS site from at
least 1978 to October 2015 [Kim et al, 2018c]. Only six events of My 1.2—1.9 had been detected in
the area since 2006. In addition, Kim er al [2018c] used a matchedfilter technique to identify
uncatalogued earthquakes in the continuous waveform data at station PHA2 of the KMA permanent
network. PHA2 is located about 10 km north of the EGS site. The matched—filter analysis revealed no
events near the Pohang EGS site for the period from January 2012 to October 2015. However, the
analysis detected small earthquakes in the month of November 2015 that originated near the EGS
project at the time when the PX-2 well was being drilled.

Our Korean research partners also used a matched—filter technique to search for events located
near the Pohang EGS site (Figure O-5). A total of six earthquakes were detected within a 10 km
radius of the site between January 2009 and October 2015. The largest, My 2.2, occurred in March
2013 at a depth of 12 km. None was closer than 7 km to the bottom of PX-2 and they had depths
of between 6 and 15 km. This analysis confirms that no earthquakes occurred in the vicinity of the
crustal volumes stimulated by injection into PX-1 and PX-2 between January 2009 and November
2015. It also establishes that the mid—crust beneath the site was at least weakly seismogenic with
tectonic earthquakes.

On September 12, 2016, the My 5.8 My 5.4) Gyeongju earthquake occurred approximately 40
km southwest of Pohang within the major right—lateral Yangsan fault system. Grigoli et al [2018]
addressed the possibility that the Gyeongju earthquake might have contributed to triggering the Pohang
earthquake, and concluded that the static Coulomb stress perturbation produced by the Gyeongju
event on the Pohang fault was negligible, and that a direct triggering effect could be excluded.

From these analyses we conclude that no increase of seismicity in the area of the Pohang EGS

project is observed prior to November 2015.

4.1.2. Seismicity induced by mud loss during drilling
On October 3031, 2015, during the drilling of PX-2, a fault zone was encountered near 3,800
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m depth (Figure O—6; see Section 3.2). A significant loss of heavy drilling mud (density 1.6 g/cm?)
occurred at this time, amounting to over 160 m* or one well bore volume and transferring an additional
pressure of »20 MPa to the formation due to the weight of the mud column. The seismicity detected
at station PHA2 started at this time and lasted through the month, with the largest event, My 0.9,
occurring on November 30, 2015 (Figure O—6). Of these events, we have only been able to locate the
November 30 event.

The seismicity associated with mud loss from PX-2 indicates that the press perturbation was
sufficient to induce fault slip and implies that some faults were close to failure prior to stimulation.
Further, it suggests that a hydraulically conductive structure was intersected near 3,800 m in PX-2,
Previous mud loss of 76 m® from PX-1 during the first phase of drilling and mud loss of <40 m’

from PX-2 in October 2015 had not been associated with discernible seismicity.

Figure O-6. Mud loss data and occurrence of seismicity in November 2015 as PX-2 was drilled below 3,800 m.

4.2. Spatial patterns of seismicity

Earthquakes large enough to be located precisely occurred during each of the five well stimulations.
The earthquakes define two distinct spatial populations that are related to well stimulation activities.
Earthquakes that occurred during or shortly after stimulation of PX-1 fall into one population, while
those that occurred during or shortly after stimulation of PX-2 fall into the other (Figure O-7).
Seismicity continues after individual stimulations ended, sometimes for weeks (Figure O-2). The mud

loss event discussed above locates together with the PX-2 events.
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Figure O-7. Perspective view of earthquakes associated with activity in PX-1 (blue) and PX-2 (red). Yellow star
marks the mainshock hypocenter. Well trajectories are shown with the open hole sections for PX-1 and PX-2 in
blue and red, respectively.

The range of focal depths of earthquakes associated with the well stimulations is very restricted
(Figure O-8). For earthquakes associated with PX~-1, depths range between 3.7 and 4.4 km, a similar
depth interval to the open—hole section of PX~-1 (3.9~4.2 km). Farthquakes associated with PX-2
span the depth range from 3.8 to 4.4 km, compared with the open—hole interval from 4.2 to 4.3 km.
Earthquakes in each zone exhibit both upward and downward growth with respect to the open—hole

intervals where pressure entered the formation.
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Figure O-8. Histogram of earthquake focal depths. Depth of mainshock at 4.27 km indicated by arrow.

4.2.1. Seismicity associated with PX-1

Most of the earthquakes associated with PX-1 occurred during or shortly after the initial
stimulation of the well in December 2016. This stimulation activated an inclined tabular volume with
a height of 800 m, horizontal length of 500 m and width of 230 m. Minor seismic activity continued
in the zone following injection, with the last located event occurring in mid—January 2017. The second
stimulation of the well in August 2017 produced only a single earthquake, My 1.2 that was large
enough to locate with the surface seismic networks. A My 2.0 earthquake occurred in September,
2017, in the PX-1 zone, four weeks after the stimulation ended. Thus, while the majority of activity
occurred when the well was pressurized, seismicity lingered for weeks afterwards, as has been observed
in many other hydraulic well stimulations [e.g. Yoon et al, 2017].

To better understand the evolution of seismicity in the PX-1 zone, the earthquake locations are
projected onto the plane that best fits the distribution (Figure O-9). This plane is only an approximate
representation of the structure of the seismicity, as the width and height are almost equal. Consequently,
over—interpretation of the “plane” should be avoided and the projection is for illustrative purposes
only. In Figure O-9 the rupture area of each earthquake is approximated by a circular crack with
radius appropriate for the earthquake’s magnitude. Note the clustering of the larger events cluster
together at several locations, with the September 2017 event near the top of the cluster and on the
edge of events induced in December 2016. As one earthquake occurs, stress is transferred to the

periphery of the fault patch that ruptured, increasing the potential for additional activity.
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Figure 0-9. Earthquakes associated with (left) PX-1 injection and (right) PX-2 injection, projected onto the
best-fitting plane in each case. For PX-1, the coordinates are relative to the center of the seismicity; earthquakes
during and following the December 2016 stimulation are shown in blue, earthquakes during and following the
August 2017 stimulation in magenta. For PX-2, the bottom of the open-hole section of the well is at (0,0), 375
m behind the plane and the intersection of the plane with the well at 3,800 m depth is marked by x; the mud
loss event in November 2015 is shown in brown, events during and following first stimulation in February 2016
in green, events during and following second stimulation in April 2017 in blue, events during and following third
stimulation in September 2017 in orange, and foreshocks on November 14 and 15 in red. For both images, the
faulted area in each earthquake is approximated by the equivalent circular crack for a stress drop of 4 MPa. This
value for stress drop is the global average for crustal earthquakes [A/imann and Shearer, 2009]. Song and Lee
[2018] estimated the stress drop of the Pohang mainshock in the region near the hypocenter to be in the range
from 2 to 4 MPa.

422, Seismicity associated with PX-2

The seismicity in the PX-2 cluster forms a tabular body striking 214° and dipping 43° to the
NW. The zone has a strike length of 1000 m, dip length of 500 m and a width of 200 m. The
best—fitting plane to the zone intersects PX-2 at 3,800 m depth. Most of the earthquakes locate
within £60 m of the plane. The earthquakes are projected onto the plane in Figure O—9 (right) with
the approximate area of each earthquake’s rupture shown by a circular crack model with a radius
appropriate for its magnitude. This plane is a good approximation of the structure of the seismicity.

The initial seismicity associated with the PX-2 cluster occurred during the drilling of the PX-2
well in November 2015, discussed above and as a consequence of the major mud loss event at 3,800
m depth. Significant volumes of drilling mud were lost to the formation at this time, accompanied by

the first detected occurrence of seismicity at the project site. Of the eighteen earthquakes we detected,
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only the largest, My 0.9 on November 30, 2015 could be located with confidence (Figure O—6, Figure
0-9). It locates near the top of the PX-2 cluster. No further activity was detected after well control
was re—established and casing set until the first PX-2 stimulation in February 2016.

The first PX-2 stimulation produced only a modest seismic response (Figure O-2), with the
largest event My 1.6. More than 6 months after injection ended, a My 1.1 event occurred in the same
cluster. The second PX-2 stimulation in March and April 2017 induced a My 3.2 earthquake on
April 15, at a time when the well was shut in. Declining seismicity continued into mid—May. The
third PX-2 stimulation in September 2017 produced only a modest seismic response, similar to the
first stimulation, with a maximum magnitude event of My 2.0. The last earthquake large enough to
be located occurred on September 26, 2017.

Forty—nine days later, on November 15, 2017, activity resumed in the PX-2 cluster with what
proved to be the foreshocks of the Pohang earthquake. The foreshocks occurred immediately to the
southwest of the area ruptured during the April 2017 stimulation. The largest and last locatable
foreshock, My 2.7, occurred just 7 minutes before the mainshock and expanded the ruptured area
down-dip toward the mainshock hypocenter (Figure O-9). It is evident from the distribution of
earthquakes in the PX-2 cluster that the Pohang mainshock initiated in an area that was strongly
perturbed by not only the foreshocks but also by the entire sequence of earthquakes induced by

injection into PX-2.

4.3. Focal mechanisms

Focal mechanisms were obtained during this investigation for 53 earthquakes that occurred during
and following the simulations and up until the My 5.5 earthquake on 15 November 2017. Figure
O-10 displays the focal mechanisms as a function of time. The geometries of key focal mechanisms
and the planes defined by seismicity are listed in Table O-2. The strike/dip/rake parameters listed for
each focal mechanism are averages of the suite of solutions compatible with the P—wave first—motion
data.

The highest—quality focal mechanisms from the three phases of PX-2 stimulation exhibit
predominantly oblique strike—slip/reverse faulting. Most of the events, including the largest earthquake
during the stimulation My 3.2 on April 15, 2017), have similar focal mechanisms to the foreshocks
and the mainshock itself. This focal mechanism indicates oblique right-lateral slip on a NW-dipping
plane or oblique left—lateral slip on the orthogonal E—dipping plane. The NW-dipping plane has a
very similar geometry to the plane defined by PX-2 seismicity and to the fault plane of the My 5.5
inferred by analysis of regional moment tensor and InSAR analysis [Grigoli er al, 2018]. This plane

is well-oriented for slip according to the preferred stress model.
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Figure O-10. Summary of the focal mechanisms computed for 53 events that occurred during the five phases of
stimulation (red — PX2; blue — PX-1), the foreshocks of 14 — 15 November 2017 and the Mw 5.5 Pohang
earthquake (black). Bright red and blue colors indicate the highest-quality focal mechanism solutions associated
with PX-2 and PX-1, and the paler colors indicate poorer-quality solutions.

Table O-2. Planes of interest defined by focal mechanisms, hypocenters, and mainshock observations. FMs —
first motions; NP — nodal plane.

1 Mainshock, NP1 First motions 214 51 128
2 Mainshock, NP2 First motions 343 52 53
3 April 2017 Mw 3.2, NP1 First motions 215 58 128
4 April 2017 My 3.2, NP2 First motions 339 43 45
5 PX-2 seismicity plane Fit to hypocenters 214 43 =
6 PX-1 seismicity plane Fit to hypocenters 180 62 =
7 Mainshock fault INSAR modeling [Grigoli et al., 2018] 225 75 123
8 Mainshock fault Moment tensor [Grigoli et al., 2018] 221 66 130

Seismicity associated with stimulation of PX-1 shows a broader range of focal mechanisms.
Many of the 21 highest—quality events have focal mechanisms similar to that characteristic of PX-2
seismicity, but other events show either purer strike—slip faulting (e.g. 08:04 event on 19 December

2016 and 07:56 event on 20 December 2016) or oblique strike=slip/reverse faulting on N— or S—dipping
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planes (e.g. 10:04 event on 21 December 2016). The orientation of the plane used to project the
PX-1 seismicity in Figure O-9 is not represented in individual focal mechanisms.

Figure O-11 illustrates the orientations of the planes of interest listed in Table O-2, and the
corresponding shear and effective normal stresses calculated using the preferred stress model of Table
O-1. The Mohr circle illustrated is the same as shown in Figure O—4, but with the planes of interest
added as colored circles. This analysis indicates that most of the fault planes were close to failure for
the preferred stress model, and were oriented such that small increases in fluid pressure would cause
slip. In particular, the west—dipping nodal plane of the mainshock inferred from local network
observations (plane 1) was near—optimally oriented for frictional reshear in the preferred stress model
described above. The east—dipping auxiliary plane of the mainshock focal mechanism (plane 2) is less
well oriented for shear in the stress field, bolstering our interpretation of the other nodal plane as the
mainshock fault plane. Similarly, the west—dipping nodal plane of the largest earthquake that occurred
during stimulation (plane 3) was very susceptible to frictional failure whereas the east—dipping plane
(plane 4) was not. The plane defined by seismicity associated with PX-2 injection (including the
November 2015 mud loss events; plane 5) is also near—optimally oriented for frictional shear, as are
the fault planes inferred from InSAR and moment tensor analysis by Grigoli et al [2018] (planes 7
and 8). In contrast, the plane fit to the PX-1 seismicity (plane 6) is not well oriented for frictional

reactivation in the preferred model of stress.

Figure O-11. (left) Stereonet showing the orientations of planes of interest and the corresponding normal
vectors, colored according to proximity to slip; red denotes planes closest to failure and green denotes planes
furthest from failure. Blue dots mark the calculated shear vectors on each plane. (right) Mohr diagram calculated
for the preferred stress model and a hydrostatic fluid pressure at a depth of (Table O-1). The black diagonal
lines demarcate the stresses required for frictional reshear of a cohesionless plane with a friction coefficient of
0.6. The dots are numbered as in Table O-2 and colored according to the proximity of each plane to frictional
failure as in the left-hand image. o(s) and o(n) denote shear and normal stress, respectively.
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Similar results are obtained if the regional stress model described in Table O-1 is used, namely
that the west—dipping nodal planes of the mainshock and My 3.2 event’s focal mechanisms were close
to failure whereas the respective alternate planes were not. Moreover, the plane defined by PX-2
seismicity, which has a very similar geometry to the west—dipping nodal plane of the mainshock, was

also close to frictional failure.

4.4, Magnitude-frequency characteristics

The number of earthquakes of different magnitudes is universally observed to follow the empirical
Gutenberg—Richter magnitude—distribution given by log;o(N) = a — bM, where N is the cumulative
number of events greater than or equal to magnitude M. The a—value defines the productivity and the
b—value the ratio of small to large events. For a given a—value, the smaller the b—value, the higher the
probability of larger magnitude events being present in the sample. In virtually every tectonic region
on Earth the b—value is close to 1.0£0.2. The b—value has been hypothesized to relate to stress state,
among other variables, with lower values corresponding to higher stresses, according to both field and
laboratory data [Scholz, 2015].

During several recent EGS projects, b—values ranged from a high of 1.58 in Basel, Switzerland
[Bachmann et al, 2011], between 0.9 and 1.2 in Soultz—sous—Foréts, France [Dorbath et al, 2009],
and a low of 0.83 in Cooper Basin, Australia [Baisch et al., 2009]. For the five Pohang stimulations
a b—value of 0.73£0.1 is observed (Figure O—12). This relatively low b—value corresponds to a higher
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Figure 0O-12. Gutenberg-Richter magnitude frequency diagram. Solid symbols correspond to earthquakes
occurring during or following the five well stimulations at the Pohang EGS facility. The dashed line has the
formula logio(N) = 2.0 - 0.73 M. and was determined using the method of 7inti and Mulargia [1985]. Open
symbols include foreshocks, mainshock and stimulation events.
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likelihood of a large magnitude event compared to either the other EGS projects or to global tectonic
seismicity generally. It should be noted that the low b-values in the Cooper Basin and the lowest at
Soultz—sous—Foréts corresponded to stimulations that activated discrete faults, where the high b—value

stimulation at Basel activated a volume.

_ Model-based analyses of triggering mechanisms

Models are important scientific tools for relating measurements or other forms of data to
observations. In this section, we discuss the ability of certain physical phenomena to explain the
occurrence of the Pohang earthquake. Although the individual models are based on very different data

and hypotheses, each relates a physical change to its potential to trigger the Pohang earthquake.

5.1. Effects of Tohoku and Gyeongju earthquakes

The 2011 My 9.0 Tohoku earthquake produced small but measurable displacements across the
Korean Peninsula [Kim and Bae, 2012]. Sites on the eastern side of the Peninsula were displaced
eastward by larger amounts than sites on the western side of the Peninsula, meaning that the induced
strains were extensional; that is, the Korean Peninsula was stretched in an east—west direction. Hong
et al. [2015] considered the changes in stress resulting from these geodetically measured strains and
compared them with Coulomb failure stress perturbations. They obtained estimates of the tensional
stress changes at mid—crustal depths of 1-7 kPa, which are of similar magnitude to the <3 kPa
reductions in Coulomb failure stress they calculated for optimally oriented strike—slip and reverse
faults. In other words, the overall effect of the Tohoku earthquake on the Korean Peninsula was to
slightly reduce the stresses causing strike—slip or reverse faulting on optimally oriented faults. This
effect is referred to as a “stress shadow” as it reduces the potential for an earthquake to occur [Harris,
1998.

We agree with Hong et al [2015] that large subduction earthquakes have been observed to
influence crustal stresses at regional distances. We also note that a release of seismicity characterized by
periods of high activity and long periods of seismic quiescence is observed in several stable or low—
seismicity areas of the world, located away from active plate margins, and would not be in itself
unusual in Korea.

It has been suggested that the effect of the Tohoku earthquake had been to hasten the time of the
M, 5.1 (foreshock) and M; 5.8 Gyeongju earthquakes in 2016 and that static stress perturbations
caused by those events triggered the My 5.5 Pohang earthquake in 2017 [Hong er al, 2018]. This
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interpretation is based on the assertion that seismicity rates increased throughout the Korean region
after 2011 and that the Gyeongju earthquakes increased Coulomb failure stresses near Pohang by
~200 Pa. This value is substantially smaller than previously observed triggering thresholds [Reasenberg
and Simpson, 1992]. In contrast, the Coulomb failure stress analysis by Grigoli et al. [2018] concluded
that the Gyeongju earthquake did not play a role in triggering the Pohang earthquake 14 months later.

Hong et al. [2018] observed that no seismicity of magnitude 2 or larger was observed within 10
km of the 2017 earthquake’s epicenter prior to the 2016 Gyeongju earthquakes, whereas four
earthquakes of this size occurred within 3 km of the 2017 earthquake’s epicenter after the 2016
earthquakes. They interpreted this to indicate that the Gyeongju earthquakes triggered low—magnitude
seismicity near Pohang and ultimately the My 5.5 Pohang earthquake.

The occurrence of seismicity near the Pohang EGS site following the Gyeongju earthquakes and
not before does not imply a causative relationship between the Gyeongju and Pohang earthquakes. On
the contrary, the locations, timing, and focal mechanisms of the M; 2+ earthquakes observed near

Pohang in 2017 show that they were induced by EGS activities, as discussed in Sections 4.1 and 4.2.

5.2. Hydrogeologic analysis of fluid pressure perturbations

When a well is stimulated by injection of fluid under pressure, it changes the state of stress in the
Earth. Because there were no direct measurements of changing fluid pressure or stress made as part of
the Pohang EGS project, it is necessary to use physics—based model to develop an understanding of
how injection may have affected fault stability. Numerical models of the fluid pressure perturbations
associated with the five phases of stimulation were developed during the course of this investigation.
Full details of these models are contained in Chapter 6 and omitted here.

The hydrogeologic regime surrounding the Pohang EGS site can be treated as the superposition of
the pre—drilling state and any perturbations associated with drilling and injection. The models
developed to date presume that an undisturbed, hydrostatic fluid pressure regime existed prior to
stimulation, and therefore do not address the perturbations associated with the long phase of drilling
or the mud loss event in October 2015.

Two models, referred to as Case A and Case B below, have been developed to illustrate key
features of pore pressure diffusing away from the PX-1 and PX-2 injection points. Fach model
represents a 5 km X 5 km X 5 km domain and incorporates two faults (Figure O—13). The faults
are embedded in bedrock with a homogeneous hydraulic diffusivity of 1 X 1072 m?/s. The existence
and geometries of the two faults are based on hydrologic analysis of the stimulation data and the
seismological results described in Chapter 5 of the Summary Report. The first fault separates PX-1
and PX-2 and represents the mainshock plane, having an orientation (strike/dip) of 214°/43° and

intersecting PX-2 at 3,810 m. It acts to compartmentalize the fluid pressure response. The second
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fault represents a high—permeability feature inferred to be present near PX—1. The hydrologic properties
of the faults have been specified on the basis of representative models of fault zone structure [Caine
et al, 1996; Chor et al, 2015] and laboratory measurements of the fault gauge and breccia samples

from lithologies analogous to the basement rock at Pohang [Kim er al, 2018al.

Figure O-13. Pore pressure model setup, dimension, location of the bottom sections of PX-1 and PX-2 in the
model, and the two faults. See Chapter 6 for further details.

* Case A! The mainshock fault plane is modeled as having a 10 m-thick low—permeability fault
core (D=1 % 107% m?/s) bounded on both sides by a 85 m—thick high—permeability damage
zone (D = 0.1 m?/s) [Kim et al, 2018al. The second fault is a smaller, 130 m-thick, high—
permeability feature (D = 1 m%/s) near PX-1.

* Case B: The fault locations and geometries are the same as in Case A but the mainshock fault

plane does not have a low—permeability core.

The spatial patterns of modeled pore pressure changes are illustrated on vertical cross—sections
through the mainshock fault plane in Figure O-14a for two different epochs. The upper row shows
the results computed for April 15, 2017 (My 3.2 earthquake) and the lower row shows the results for
November 15, 2017 My 5.5 mainshock); the results for Cases A and B are illustrated on the left—
and right—hand sides, respectively. Figure O-14b shows the calculated 0.02 MPa isosurfaces on
November 15, 2017.
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Figure O-14. (a) Modeled pore pressure change in vertical cross section for Case A (left) and Case B (right) for
April 15 and November 15, 2017. (b) 0.02 MPa isosurface of pressure change.

For both cases considered, pressure changes exceeding 0.1 MPa had developed around PX-2 by
April 15, 2017. The pressure lobe surrounding PX-2 was produced by the third stimulation from
March 16 to April 14, 2017, which immediately preceded the My 3.2 earthquake. By November 2017,
the extent of the combined fluid pressure perturbations had expanded, with the two distinct lobes
resulting primarily from the fourth stimulation in PX-1 and the fifth in PX-2.

The temporal evolution of pore pressure at the hypocenters of the My 3.2 and My 5.5
earthquakes is illustrated in Figure O-15. The model results suggest that pore pressure had been
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elevated by 0.15-0.30 MPa at the hypocenter of the My 3.2 event by April 15, 2017, largely as a
consequence of the third stimulation phase in PX-2. By November 15, 2017, the modeling suggests
pore pressure had risen by approximately 0.07 MPa at the hypocenter of the My 5.5 earthquake. Pore
pressure changes of more than 0.01 MPa have been shown to reduce fault strength and trigger
earthquakes [Reasenberg and Simpson, 1992].

The geomechanical results presented above and in Chapter 4 indicate that the mainshock fault
plane was critically stressed prior to the Pohang earthquake, and imply that small increases in fluid
pressure would trigger slip. The fluid pressure modeling conducted to date indicates that fluid pressure
increases of greater than 0.01 MPa were likely to have occurred at distances of several hundred meters

from the injection points and to have persisted for weeks or months after injection ended.

Figure O-15. Pore pressure change with time at the My 3.2 (a) and Mw 5.5 (b) hypocenters.

_ Mw 5.5 Pohang earthquake of 15 November 2017

6.1. Foreshock activity

In mid—November 2017, seismicity restarted on the fault activated by injection into PX-2 (Figure
0-9). The five largest events were recorded over a period of about 10 hours, between 19:55 on
November 14 and 05:22 on November 15, with a magnitude progression increasing from My 1.6 to
My 2.7. These events were immediately followed by the main My 5.5 shock, occurring at 05:29 on
November 15.

According to information provided to the ORAC, no further injections or other activities were
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carried out in the boreholes after the third PX-2 injection in September 2017. The events of November
14-15, occurring two months after the third injection in PX-2, can therefore be considered as
foreshocks of the main Pohang event of November 15. This conclusion is confirmed by the fact that
the initial portions of the foreshocks and mainshock seismograms show highly correlated, substantially
identical waveforms, indicating that the foreshocks had the same focal mechanisms and were located

on the same focal plane of the mainshock.

6.2. Location and timing of mainshock

The mainshock of November 15, 2017 occurred 58 days after the last injection activities in PX-2.
This delay has been used to argue that the mainshock has no causal connection to the EGS activities
in Pohang.

A delay of weeks and months between tectonic events occurring on adjacent fault segments is
commonly observed, with seismic sequences developing in some cases over years and propagating to
adjacent faults. A recent example is the sequence occurring in 2016 in the Central Apennines region
of Italy, with four main episodes of seismicity occurring over several months [Chiaraluce et al., 2017].
The causal link in natural seismicity, even with delays of several months, is not disputed. A similar
delay has also been observed in well-documented occurrences of induced seismicity, for example in
the case of wastewater injection in Oklahoma [Keranen et al., 2014; Schoenball and Ellsworth, 2017].

The first documented case of earthquakes induced by injection occurred in the 1960s near Denver,
Colorado, where a deep well was used to dispose of waste by injection at the Rocky Mountain
Arsenal [Healy et al., 1968]. Injection into the Precambrian basement took place between March 1962
and February 1966, and the rate of injection was strongly correlated with the earthquake rate.
However, the largest earthquake, My 4.8, struck in April, 1967 more than one year after injection
had been terminated. At Basel, Switzerland, activity continued for more than a year after pressure was
bled off, with multiple magnitude 3 earthquakes occurring [Deichmann and Giardini, 2009].

On the basis of these observations, of both natural and induced seismicity, the separation in time
between stimulation activities in PX-2 ending and the occurrence of the mainshock cannot be
considered a reason to exclude a triggering effect of the EGS activities.

On the contrary, there are strong elements indicating a causal link between the seismicity induced
by the PX-2 stimulations and the foreshocks and mainshock of November 2017. Indeed, the
foreshocks (November 14, 2017, at 20:04 and 20:59) have the same waveform signature as the events
that occurred during the last PX-2 stimulation (September 15, 2017, at 19:33; September 16, 2017,
at 08:55), indicating that the PX-2 seismicity and the foreshocks are part of the same sequence of
events and occurred on the same focal plane as the mainshock. The same correlation is not found for

events associated with PX—-1 stimulations. The foreshocks are contiguous with the previously ruptured
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area along the fault stimulated by injection into PX-2, extending the area approximately 200 m to the
SW (Figure O-9). The mainshock hypocenter sits immediately below the foreshocks, where stresses
had been increased by the foreshocks and earlier events. From the location of the mainshock

hypocenter alone, it is evident that this earthquake is directly related to the preceding activity.

6.3. Mainshock focal mechanism

Figure O—16 illustrates the observed focal mechanism representing the initiation of the mainshock
and the focal mechanism calculated by resolving different stress models on the best—fitting plane fit to
the PX-2 seismicity, assuming that slip occurs in the direction of maximum resolved shear stress. In
each case, the calculated focal mechanism is similar to that observed, indicating oblique reverse/
strike—slip motion on the assumed west—dipping fault plane. For the preferred stress model, slip on
this plane is calculated to have a rake of 141°, while the regional stress model yields a rake of 158°.
Given uncertainties in the focal mechanism parameters and the stress models, the differences between
the observed and predicted focal mechanisms are within acceptable bounds.

We conclude from this analysis that the stress models listed in Table O—1 are consistent with the
geometry of slip during the mainshock. In other words, the mainshock focal mechanism, and the focal
mechanisms of the foreshocks and several events associated with stimulation of PX-2, have a geometry

that can be accounted for using a known fault geometry and plausible models of stress.

Figure O-16. Observed P-wave mainshock focal mechanism (red beachball; strike/dip/rake = 214°/51°/128°) and
focal mechanisms calculated using the PX-2 seismicity plane and different models of stress (black beachballs).
The value of the rake (A) calculated for each of the stress models is printed above the corresponding beachball.
For each focal mechanism, the white dot marks the T axis and the red or black dot the P axis.
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6.4. Magnitude of mainshock and previous scaling arguments

It has been argued that the sizes of earthquakes induced by stimulation can be managed by
controlling the pressure, rate and location of where fluid enters the rock mass by allowing time for
pressure to diffuse when seismicity rates escalated [Hofmann et al., 2018]. The threshold magnitudes
for traffic light systems have often been set to avoid earthquakes that pose a shaking nuisance and/or
risk of damage.

Part of the rationale for selecting the magnitude thresholds comes from an empirical hypothesis
that the largest magnitude of induced earthquakes is bounded by a function of the injected volume
[Galis et al., 2017, McGarr, 2014]. If correct, this “volume hypothesis” would enable the hazard to be
managed prescriptively by simply maintaining the net injection volume below a certain value,
However, an alternative analysis of the same cases found that the observed maximum magnitude was
well modeled by independent random sampling of the Gutenberg—Richter distribution log;o(N) = a —
bM, where N is the cumulative number of events greater than or equal to M [van der Elst et al,

2016]. In this interpretation, the largest event in an induced seismicity sequence is not related to the

Figure O-17. Comparison of injected fluid volume with maximum earthquake magnitude in a global injection data
set compiled by Galis et al. [2017]. Scaling lines for maximum arrested rupture from their paper. Scaling line for
maximum earthquake according to McGarr [2014] shown in gray. Maximum magnitude at different times during
the development of the Pohang EGS project shown by stars. Figure adapted from Figure 4 of Galis et al. [2017].
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injection volume, but to pre—existing tectonic conditions and the number of earthquakes induced. The
greater the number of earthquakes, the higher the odds of one of those earthquake being large.
The Pohang earthquake contradicts the volume hypothesis, as the injected volume was less than
1/500™ of the amount expected to produce a My 5.5 earthquake (Figure O-17). This discrepancy
would be larger if the net volume (injection minus extraction) were considered instead of injection
alone. Once initiated, the Pohang earthquake grew through the release of tectonic stress rather than
being limited by the injected volume. The earthquake was almost two magnitude units larger than the
My 3.7 predicted by one model [McGarr, 2014] and exceeded the maximum “arrested” earthquake
size predicted by the other [Galis er al, 2017] and therefore constituted a “runaway” earthquake in

their terminology.

6.5. Aftershock activity

Once initiated, the November 15, 2017 Pohang earthquake grew outward from its hypocenter and
beyond the ~1000 m—long segment of the fault that had been activated by the stimulations of PX-2.
The aftershock activity that followed the mainshock illuminated this plane further (Figure O-18).

Figure O-18. Longitudinal cross section along the Pohang earthquake fault plane showing aftershocks recorded
on the day following the Mw 5.5 earthquake (November 16, 2017; gray circles). PX-2 well shown by black line.
Hypocenters of earthquakes stimulated by injection into PX-2 in red; mainshock yellow star.
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Findings, conclusion and lessons learned

We first present our findings with respect to (1) regional setting, (2) site geology, (3) fluid pressure
perturbations, (4) seismicity associated with injection, and (5) the My 5.5 mainshock of November
15, 2017. Based on these findings, we then formulate our overall conclusion regarding the origin of

the Pohang earthquake, and draw some lessons of a general nature.

7.1. Findings

ORAC's findings are as follows:
1. Regional setting

A. The Korean Peninsula is located on the continental margin of the Eurasian plate, which
underwent extension during the opening of the East Sea. The region is now under tectonic
compression and previously extensional faults with appropriate orientations can be
reactivated with reverse or strike—slip kinematics.

B. The present—day regional stress field shows compression oriented ENE—WSW and several
recognized active fault systems in the region are susceptible to slip in this stress field.

C. The stresses acting on regional faults are high, approaching the static stability of the faults,
as confirmed by pre—drilling assessment of stress conditions in Pohang. The occurrence of
the My 5.4 Gyeongju event of September 12, 2016, on the Yangsan fault system is
consistent with this analysis.

D. The historical seismic record shows periods of high activity, including earthquakes exceeding
the size of the 2016 Gyeongju and 2017 Pohang earthquakes.

E. Regional deformation following the 2011 My 9.0 Tohoku earthquake may have affected
seismic activity in the Korean Peninsula. However, the calculated effects of the regional
deformation and the seismicity do not explain the occurrence of the Pohang earthquake.

2. Site geology

F. Neither geological investigations in the Pohang area nor geophysical surveys performed
during the selection of the EGS site identified the fault activated by the Pohang earthquake.

G. Fault gouge observed in drill cuttings from the PX-2 well indicates the presence of a fault
at a depth of approximately 3,800 m.

3. Fluid pressure perturbations

H. Multiple evidence suggests that the PX-1 and PX-2 wells occupy different hydraulic regimes:
* Injection tests carried out during hydraulic stimulations indicated the presence of a flow

barrier separating the two wells.

» Two distinct seismicity populations, separated in space and time, were observed during
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successive stimulations of the PX-1 and PX-2 wells.
* Injection conditions in the two wells were different, requiring a maximum well-head
pressure of 24 MPa in PX-1 and almost 90 MPa in PX-2.
Modeling performed with representative hydrological properties and high—permeability and
low—permeability fault cores shows that the pressure perturbations produced by stimulation
of PX-2 propagated several hundred meters. The pore pressure increases near the
hypocenters of the My 3.2 and My 5.5 events exceeded 0.05 MPa.
Detectable seismicity occurred during drilling of PX-2 over a period of one month,
following the mud loss event at about 3,800 m depth, induced by the weight of the mud

column entering the formation.

4. Seismicity associated with the PX-1 and PX-2 injections

K.

Each of the five stimulations induced seismicity. After each stimulation, seismicity continued
for up to several months.

The seismicity induced by the stimulations ranges in depth between 3.7 and 4.4 km,
spanning the open sections of the two boreholes.

Seismicity induced by the three stimulations in PX-2 did not produce a detectable seismic
response within 200 m of the well but activated an approximately 1000 m-long, 600
m-high fault zone aligned with the fault traversing PX-2 at 3,800 m and corresponding
to the west—dipping plane of the My 5.5 Pohang mainshock focal mechanism.

The west—dipping nodal planes of the focal mechanisms of events induced by PX-2
injection agree with the orientation of the stimulated fault zone. Their oblique reverse
motion is well explained by the local stress field.

The magnitude—frequency distribution of the events induced before the mainshock shows a
higher proportion of larger magnitudes than normally observed in tectonic sequences, as
indicated by the b—value of 0.73.

5. Mainshock of November 15, 2017

P.

Q.

R.

The mainshock was preceded by foreshocks over a period of 24 hours, with a sequence of
events of increasing size culminating in an event of My 2.7 seven minutes before the
mainshock. These foreshocks extended laterally the fault zone activated by seismicity
induced by PX-2 stimulations. They have similar focal mechanisms to the mainshock and
the events induced by the PX-2 stimulations.

The mainshock initiated within the fault zone activated by the PX-2 stimulations, at 4.3
km depth.

The delay of almost two months between the last PX-2 stimulated events and the mainshock
is consistent with similar delays observed in earlier stimulations in Pohang and commonly

observed in natural and induced seismic sequences. A delay of this length does not preclude
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a causal effect.

S.  The orientation of the fault activated by the mainshock is similar to that of other faults in
the region. The geometry of the initial slip in the mainshock is well explained by the
combination of the fault geometry and the state of stress surrounding the borehole.

T. The size of the mainshock is consistent with a triggered origin according to the published
analyses of van der Elst et al. [2016] and Galis et al [2017], and is inconsistent with the
hypotheses of McGarr [2014] or Galis et al. [2017] that relate the maximum magnitude of

an induced earthquake to the injected volume.

7.2. Conclusion

ORAC concludes that the Pohang earthquake was triggered by the EGS stimulation. Seismicity
induced by injection activated a previously unmapped fault zone, which in turn triggered the mainshock.

A schematic representation of this conclusion is illustrated in Figure O-19.

Figure 0-19. Schematic illustration of the sequence of seismicity associated with stimulation of PX-1 and PX-2,
and the relationship of the seismicity to the rupture plane of the Mw 5.5. Pohang earthquake. The view is
towards the northeast. The gray grid has 1 km spacing and extends from the surface to 6 km depth. The
mainshock fault plane extends from 2.5 km to 6 km and intersects the PX-2 well at 3.8 km. Open hole section
of PX-1 and associated seismicity shown in blue sits above and in the hanging wall of the fault plane. The fault
plane cuts the seismicity associated with PX-2, shown in red.
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7.3. Lessons learned

Lessons of a general nature can be learned from the Pohang experience, and can serve to increase

the safety of future EGS projects in Korea and elsewhere.

1. The Pohang event had a complex origin: seismicity induced by injection activated a previously
unmapped fault, which in turn triggered the mainshock. Current models do not cover
adequately this complexity and the possibility that pressure perturbations induced on a fault

may trigger run—away events of large magnitudes.

Physical and statistical models of induced and triggered seismicity need to be further developed
to provide reliable assessments of probabilities and uncertainties for inclusion in risk assessments

of future EGS projects.

2. The analyses and investigations referenced in this report were done only after the occurrence
of the My 5.5 Pohang mainshock, but they would have been possible during the sequence of
stimulations, lasting almost two years. All the data required to re—evaluate seismic risk were
collected and the most important evidence was available in April 2017 after the second

stimulation in PX-2.

In future EGS projects, the project team and the scientific institutions involved should engage
in timely and adequate efforts to monitor, analyze and interpret the evolution of any earthquake
sequence, and provide information to the public authorities on the developing seismic risk

conditions.

3. Several institutions from Korea and other countries were active in different capacities in the
monitoring and analysis of the seismicity in Pohang. This complicated the exchange and

analysis of data and samples.

Scientific institutions involved in monitoring and evaluation activities with relevance to the
assessment and mitigation of seismic risk — such as the risk potentially associated with an
EGS project in the vicinity of a major city — should prioritize an open—access policy for data
and samples and clear channels of cooperation to maximize their contribution to the mitigation

of seismic risk.

4, The Pohang EGS project was located close to a major city, port and industrial center. This

proximity raised clear issues of seismic risk, governance and mitigation.

It is crucial that strategies and tools for monitoring, mitigating and communicating the risk of
induced seismicity are established together with responsible authorities. Seismic risk scenarios
should be developed to evaluate the possible consequences and to identify risk mitigation

measures, A risk-based framework for making operational decisions should always be used
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and updated as new knowledge is acquired.

. Operational decision-making in the EGS project was internal to the project team.

An independent oversight committee/authority should be established to provide assurance that
all aspects of the project plan, protocols and standards are designed and conducted with

appropriate considerations of seismic risk.
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Fig. 1-1. Location of Pohang EGS project site and the epicenter of the 15
November 2017 Pohang Earthquake (left) and schematic diagram of PX-1 and
PX-2 geothermal wells (right).

Fig. 1-2. Injection, flow back and net injection volumes during five hydraulic
stimulations conducted at PX-1 and PX-2 geothermal wells.

Fig. 2-1. Example from the PX-2 master log,

Fig. 2-2. (a) Blocks of cuttings fixed in epoxy and (b) an example of microscopic
observation.

Fig. 2-3. (a) Tectonic framework of the southern Korean Peninsula, (b) Landsat
TM satellite image showing the distribution of the Miocene sedimentary basins,
major faults and stratigraphic units in SE Korea (from Son et al., 2015) and (c)
Regional structural map of SE Korea showing the Miocene stress regime and
strain diagram. The black arrows indicate the mean declination directions of
characteristic remanent magnetizations of the basin fills.

Fig. 2-4. Geological map of the Pohang Basin with its major bounding and
intrabasinal faults (from Song, 2015).

Fig. 2-5. (a) Structural map of the Pohang Basin, which is divided into four
structural domains named Bomun, Ocheon, Doumsan, and Gojusan (Song, 2015),
(b) Fault slip data obtained in and around the Pohabg Basin (Song, 2015).
Divergent arrow heads represent minimum horizontal stress direction. R = (62 -
03)/(61 - 62). R=R (01 is vertical), 2 - R (02 is vertical), or 2 + R (63 is
vertical) and (c) Kinematic model, wedged—shaped pull-apart basin model,
explaining the opening of the Pohang Basin (Son et al., 2015).

Fig. 2-6. (a) Simplified borehole logs in the Pohang Basin showing abrupt changes
of the basement depths along east—west direction and (b) Contoured depth map
of the basin floor, produced using 26 deep drilling boreholes, shows inferred
major intrabasinal fault traces. W.B.F.: the western border fault of the Pohang
Basin (from Song et al., 2015).
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Pohang earthquake and (e) Rose diagram showing the orientations of the cracks
and sand blows.

Fig. 2-10. A schematic diagram showing the distribution of surface deformations
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folding (Choi et al., 2019).

Fig. 2-11. Regional stress trajectory map showing the distribution of regional
stress fields in the central and eastern parts of Eurasian continent. Reddish dashed
lines indicate trace of the maximum horizontal stress axes based on the World
Stress Map release 2008 (Heidbach et al., 2010; Kim et al., 2016).

Fig. 2-12. Geological column showing the boundary between Miocene Pohang and
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crossed polars, and 3,807 m (e¢) under open and (f) crossed polars.

Fig. 2-18. X-ray diffraction patterns of PX-2 cuttings.
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survey lines for 2D interpretation and 3D inversion area, respectively.

Fig. 3-2. Resistivity models from 2D inversion of TM mode data for the survey
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Fig. 3-3. 3D resistivity distribution from 3D inversion of MT and AMT data.
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Fig. 5-3. Initial locations of 240 earthquakes detected by the template matching
method. Yellow triangle represents the PX-2 well. Earthquakes whose epicentral
distances are greater than and less than 10 km from the PX-2 well are denoted
by red and green circles, respectively. Four earthquakes with focal depth greater
than 10 km are plotted as blue circles. Event ID and focal depths of the four events
are also represented. Geological lineaments and faults are shown as dashed lines.

Fig. 5—4. Final locations of 98 earthquakes. Yellow, gray, and blue circles represent
events 201511300352b, 201704150231b and 201708132142a, respectively. Five
immediate foreshocks and the mainshock are denoted by red and green circles,
respectively. Green and blue curves ended by red represent the PX—1 and PX-2
wells, respectively. Open sections of wells are shown in red curves.

Fig. 5-5. Distribution of 53 focal mechanism solution. Colors of beachball
diagrams represent faulting types according to the classification of Zoback
(1992): Strike=slip (black), Thrust (blue), Strike—slip with thrust component
(red), and Strike—slip with normal component (green).

Fig. 5-6. Comparison of magnitude estimates. (a) Local magnitudes of the KMA
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Fig. 5-7. Tllustration of the classification of groups Gl and G2. Magenta and
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respectively. The size of circles scale with the magnitude of earthquakes. Black
line in B1-B2 section represents a G2 plane approximated from the principal
component analysis.

Fig. 5-8. Locations of G2 events projected on the plane approximated by the
principal component analysis. Colors of circles represent the occurrence period of
earthquakes: G2-0 (yellow), G2-1 (orange), G2-2 (green), G2-3 (blue), and
G2-M (purple). Aftershocks of My 3.2 earthquakes are denoted by open circles.
Open square indicates a crossing point of PX-2 borehole and the plane.

Fig. 6—1. Wellhead pressure and injection rate measured during five hydraulic
stimulations are plotted with hydraulic conductivity estimated by the Jacob straight
line method.
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Fig. A-1-1. PX-1 well structure and acoustic images near the open hole section
(from HADES report). The cement shown after the casing section continued from
the casing shoe until 4,097 m (measured depth) where the tool stopped.

Fig. A-1-2. PX-2 well structure and acoustic image around 1,512 m depth
which indicates detection of a hole in casing (from HADES report). The hole
matches the casing damage during the 5" hydraulic stimulation reported by
EGS project team.

Fig. A-1-3. PX-2 well acoustic image above 3,783 m and complete loss of
acoustic signals below 3,783 m (from HADES report). While the PX-1 acoustic
signals were obtained below the casing shoe to open hole section, the acoustic
signals of PX-2 were not obtainable because the tool stopped at 3,783 m that
is 425 m above the casing shoe.

Fig. A-2-1. Mud loss depths and mud density of PX-1 (old), PX-1, and PX-2
wells (above) and temporal distribution of accumulated mud loss and seismicity

(below).
Fig. A—2-2. Temporal distribution of seismicity plotted on mud loss.

Fig. A-4-1. Temporal distribution of EGS project activity and seismicity of events
with location certainty.

Fig. A-4-2. Temporal distribution of EGS project activity and seismicity of
events whose magnitude was determined.

Fig. A-5-1. Photomicrographs of polished specimens of fault gouge and breccia
recovered from the depths of (a, b) 3,791 m, (¢) 3,798 m, (d, &) 3,803 m in PX-2
borehole. (b) and (e) are close—ups of rectangular portions in (a) and (d),
respectively. Observations were all made under two stereomicroscopes.

Fig. A-5-2. Photomicrographs of (a, b) clayey foliated fault gouge nearly free
from visible clasts (3,806 m in depth), (c) highly sheared gouge between clast-rich
zones (3,813 m), and (d, e) fragments of fault breccia that are both deformed
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of the rectangular portion in (a); note that the gouge in (b) is finely foliated.
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Two boreholes of PX-1 and PX-2 were drilled in granodiorite/granitic gneiss basement to
develop the enhanced geothermal system (EGS) in the city of Pohang, Republic of Korea.
PX-1 was initially drilled up to the measured depth (MD) of 4,127 m (measured along
borehole) from September 2012 to October 2013, but the drill pipe was accidently broken
and stuck inside. Therefore, deviated drilling was started at the depth of 2,419 m in the
west-northwest (WNW) direction from June 28, 2016, which was completed in November
13, 2106. The true vertical depth (TVD) and MD of PX-1 were 4,215 m and 4,362 m,
respectively. PX-2 was drilled from April 3, 2015 to December 9, 2015, of which TVD and
MD were 4,340 m and 4,348 m, respectively. PX-1 and PX-2 were 6 m apart on ground
surface and aligned along the north-south direction. PX-1 and PX-2 were cased, except
for 313 m and 140 m long open hole section of PX-1 and PX-2. Five hydraulic
stimulations were conducted at PX-1 and PX-2 from January 29, 2016 to September 18,
2017, and no water injection was made after September 19, 2017 until November 15,
2017 when the My 5.5 Pohang earthquake occurred. Hydraulic stimulation procedures
involved injection of highly pressured water, shut-in, and flow back. Flow back and
shut-in occurred between hydraulic stimulations. Wellhead pressure and injection rate
were simultaneously recorded only during hydraulic stimulation, which were measured
every few seconds at PX-1 and every minute at PX-2. Water, which was injected and



flowed back into/from PX-1, amounted to 5,663 and 3,968 m® respectively. Total two
hydraulic stimulations were conducted at PX-1: the 2nd and the 4th stimulations.
Maximum wellhead pressure and injection rate reached 27.71 MPa and 19.08 L/s in the
2nd stimulation and 25.16 MPa and 10.07 L/s in the 4th stimulation. For PX-2, there were
three hydraulic stimulations: the 1st, the 3rd, and the 5th stimulations. Maximum wellhead
pressure and injection rate reached 89.2 MPa and 46.83 L/s in the 1st stimulation, 88.8 MPa
and 30.00 L/s in the 3rd stimulation, and 84.6 MPa and 20.00 L/s in the 5th stimulation.
In PX-2, total injection and flow back volumes of water were 7,135 and 2,989 m?®
respectively. Shut-in for PX-1 and flow back for PX-2 were being done until the
November 15 Pohang earthquake after the last hydraulic stimulation.
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Fig. 1-1. Location of Pohang EGS project site and the epicenter of the 15 November 2017 Pohang Earthquake
(left) and schematic diagram of PX-1 and PX-2 geothermal wells (right).
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5,663 m’, HIESTRS 3,968 mPo]H, PX-29] FJ5Re 7,135 mPo]H, Hi&E=RS 2,989 mPo|th T A9 &
FARe 5,841 mPo|tHFig, 1-2).

PX-2 A B4MM= 121 32F 57F] eejr=o] A oH, QI Aer]o] &2 Sofet A|Eg 1L
Fo= FstGinh. AlA}F 4RSS PX-2 Tl ¢ha¥ o]9<2l 2016 14 299FE PX-2 |G oA
AAE QI o] o} Ff] F=Qlek2 89.2 MPaojl o2tk 32k, 57 HA] Fof] 919t 88.8, 84.6 MPa]
o|2thFig. 1-2). 3% FEAts T=AIRRI 20179 49 159 My 3.29] Z]7lo] WA¥st3iet. wiAlet 53¢ 4
222 2017 8 30YFE 9¥ 18Y7HA] o|Fo] FHom, M\W 5.59] Z3x|Zlo] Hhget 2017 11 15
WM =& FUT AEHPX-2)9 WEE st FUH =2 AE= HSA7IL A3

PX-1 94L& 2016| 119 &3t 5 20164 12‘0*1—':}3 PX-1 2|84 ol-gste] A2at =A=
(PX-1 AA|2= A §A S2ja=)o] AAESITE o] & 20179 8¢9 7U5E 8¢9 14971A] 43 S=2j2k=0]
AXEQILE 23}, 421 FE|REA o F9JekEe 27.71, 25.16 MPa2A] PX-29]| H|5|| iz 2k



Fig. 1-2. Injection, flow back and net injection volumes during five hydraulic stimulations conducted at PX-1 and
PX-2 geothermal wells.
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HEl MRS JYESUIM AIZS0l| &YE &AH7F 3,783 m H=0ilAf 25 O Ol Of2fiZ LHE &= &l
QITH= AFRI2 3,790~3,815 m A& 20| 7|= THESS [Rf 11.15 EAIO| LI0I0] Eii= B

3
OjE0| HHoIUS 7tsds Lo AIAfRILL
This study aims to determine the structural characteristics in and around the Miocene
Pohang Basin, in where the epicenter of the Nov. 15, 2017 My 5.5 Pohang earthquake is
located, and to ascertain vertical variation of lithology and depth of fault zone beneath the
Pohang EGS site. The Pohang Basin is a wedged-shaped pull-apart basin opened between
clockwise rotated and unrotated blocks under NNW-trending dextral simple shear and
associated WNW - ESE-directed extension during the East Sea opening. During the basin
extension, NE- or NNE-striking intrabasinal conjugate normal faults were produced in places.
The largest of them is the Gokgang Fault, which is located adjacent to the epicenter of the
Pohang earthquake. A synthetic analysis, using the geological structures, surface deformation,
spatial distributions and focal mechanism solutions of the mainshock and aftershocks, and
INSAR data, indicates that the Pohang earthquake was generated by the reactivation (as
dextral reverse oblique-slip fault) of a 50° to 70" westward-dipping antithetic fault to the
Gokgang Fault. Cutting specimens from two deep boreholes at the Pohang EGS site



indicate that the boundaries between Miocene Pohang Basin and Cretaceous Gyeongsang
Basin are situated at depths of 207~209 m and 196~200 m of PX-1 and PX-2, respectively.
Meanwhile, the boundaries between the Gyeongsang Basin and the Yeongnam Massif are
situated at depths of 2,354~2,356 m and 2,348~3,350 m of PX-1 and PX-2, respectively.
Based on the master log, visual and microscopic observations, and XRD analyses of the
PX-2 cuttings, at depths of 3,790 to 3,815 m, especially, very rounded, easily fragile,
weathered and/or altered rock fragments with a large amount of clay materials, typical
cataclastic flow textures, and secondary minerals commonly observed in gouge-filled fault
cores are significantly identified. It is thus reasonable that there is a mature fault zone
made of multiple movements at depths of 3,790 to 3,815 m. This interpretation is strongly
supported by an obstruction of the inserted measuring equipment inside the casing of
PX-2 well at a depth of 3,783 m during acoustic image logging in summer 2018, which is
also indicative of the possibility that the fault rupture for the Pohang earthquake crosses
in this depth interval.

X o
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ZFEA9] AAAE, B 54, ZYRIY] 23 =8 of719] WRI7| el (focal mechanism), ©1719]
32k 19 232, InSAR A= & ol8sto] ZPA|XE FHURt B350 7|oket 25 EAZ siAsele
o, Az e 2HE AFH PX-13 PX-2 AlFFo] tigt "Master log report’(Fig. 2-1)2F ‘Geological
logging report’of] 71=H 2 m 7+ At 7|1AeE e 1k Edl(highly fracture zone), THEH]A|(fault gouge)
o] fret ot AYARS A7) Foll titt BREE o-85to] Aot PdRtEet AR TE e
A et B 7k BAStHSources 137} 2).

Fig. 2-1. Example from the PX-2 master log.

PX-13} PX-29] A" Al=Ee] =otebd, A4 B w3g duld ¥, XRD 24& T AxE o ¥
set G5l EACT S wefsiiltt. PX-1 AT Alas &5 AlFo] oi-¢- & Hojglo] St 37141t
Boloht T2, &SR] 75 THsho d= W, PX-2 AGA=E Aol 113 o F
of2]|A] kot Al Aol TSl BelS ARt TRt X-Al ol EAS AAISHAL AlA & =gt H7IAE
AT

PX-2 AR = & GSHIAR BEEE B¢ AAcH] il AUE oFAR AeE It & 55
Aste] AAAn 73 al = =
Hom(Fig. 2-2), AlHe] EsT HEA A= F2 4 S50 9 FE 47 d35H] 2400 2t
X4 3Pdg o8t 44 R AF BAE AASHHTHSong et al., 2017).



Fig. 2-2. (a) Blocks of cuttings fixed in epoxy and (b) an example of microscopic observation.

3.1. DfoloM| E3EA| Usle] B UM AUPZ S4

1.15 mgA29) Aoke Aeldor AARE waha] BT Zohe Bzle] 9171619 (Kim et al, 2018),

] 16—75'9& AztBelol g5y oA St wioly] ZBAREA9] Ers el IRt mlo] @A ek
x|eeHFig. 2-3a2t b).

SHIE O] 7|2 E o|F1 Y= YR |t WS 12| speddor 82 AAHH
(GSK, 1998), 0|5 FAdor nEsk= A 8= B3-S L-HEdTe] Yyt d=gt e
BX](back—arc basin) Y] 44 E|AE3} 3FAFS (volcanic arc)o|A9] sHAterEoef oJst shitafdA] B2 a1

S IRIto g AHTKChang et al., 2003; Chough and Sohn, 2010).
oF 17~10 Ma Afolel] EJAH Z3E7] S5 AY3w(Sohn and Son, 2004)-2 2] A HAGZ
& whet Basks AARAZEE(fan-delta) G EFa} 5202 242 Aals Aot ol 181 oF
15 MaZol] Fiof| =x]2 o2 Qs d7ta] dFeto g LREH(Song, 2015), 2017H EFA|Z 0] ke
TR By Q=i xRkt ojere] Humzlo]| 9)x|gtHFig 2-4).
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Fig. 2-3. (a) Tectonic framework of the southern Korean Peninsula, (b) Landsat TM satellite image showing the
distribution of the Miocene sedimentary basins, major faults and stratigraphic units in SE Korea (from Son et al.,
2015) and (c) Regional structural map of SE Korea showing the Miocene stress regime and strain diagram. The
black arrows indicate the mean declination directions of characteristic remanent magnetizations of the basin fills.
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Fig. 2-4. Geological map of the Pohang Basin with its major bounding and intrabasinal faults (from Song, 2015).

°F 25 Ma©llA 15 Ma Afoof] LE2ELr} o7 Z2=HA Ssi7t Hgd gAle
=7l 7helid HEEA B g Aol ot A EA]0ltk(Son et al,, 2015; Figs.

=2
=i/

FEEZ| 0] NE At ofabhE 0 2 HE] oF 0~5 km SH g 55 U2 B8 0kl Ad
54 WeFe] Ho|dZ(transfer faul)e] 2|11 FHi= A4H FFEE AAETHFg. 2-5a; Son
FZA 02 (Son et al, 2002) 181 =

o By 5 O ASE 23] =
452 554 W 9% Feleds
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®
N
(e}
—
2
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B
o
o
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A2 ZFAIEA AFAAE ST 2P A e 997t AdTE B 24
22 55 WA 555 Uk gdee=s H LAGSAR AR, RS A= Heabgolsd Attt
39 EAZ Holn| YAZ o s A5 52 H9P7F EolEx 7HIeS(scissor fault) @] 715HS 7FITHCheon
et al., 2012).
2] Ye]o] T@Fols ARE o8]t -5 BURRE(Song, 2015)= EA7F AEA-TEEs W] <
59 ol A= ASE AARITHFig. 2-5b). TEJF ZFEA] dof tigh 12| AollA] BA] FH &
A BHerh AIAMYRRo 2 oF 307 31 HhH, 2] AHo] A= 31ER] o2 £ HojF=ul §lo](Fig.
2-3c; Son et al., 2015), VA= 554 kY] 9oF Met=lo] ool AAMFo R I oyt 2|7et B

[e) Xe)
1w

ot 872 £9] 2=
sphenochasm) 2 S HtHFig. 2-5¢).

ALY EZ]|(wedge—shaped pull-apart basin;

Fig. 2-5. (a) Structural map of the Pohang Basin, which is divided into four structural domains named Bomun,
Ocheon, Doumsan, and Gojusan (Song, 2015), (b) Fault slip data obtained in and around the Pohabg Basin
(Song, 2015). Divergent arrow heads represent minimum horizontal stress direction. R = (62 - ¢3)/(61 - 0¢2).
R=R (01 is vertical), 2 = R (02 is vertical), or 2 + R (63 is vertical) and (c) Kinematic model, wedged-shaped
pull-apart basin model, explaining the opening of the Pohang Basin (Son et al., 2015).
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o
EASA A7 HSE(syn—depositional growth faults)o] th =0, o2t B2 Wi S

S AFAE ZofEold dofrl A At 74 SdE W nladEe] diHlE Fol 2l ik,

S(Fig. 2-6b)2 &H& T Fd= "ML Fee= FAR AdSe 7Iske 7He Aoz d3A ot
(Yun, 1994).

Fig. 2-6. (a) Simplified borehole logs in the Pohang Basin showing abrupt changes of the basement depths
along east-west direction and (b) Contoured depth map of the basin floor, produced using 26 deep drilling
boreholes, shows inferred major intrabasinal fault traces. W.B.F.: the western border fault of the Pohang Basin
(from Song et al., 2015).
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A FHof| tiRt ofl2AL A, EX]7[HRRIQl MAY] FEd Skt Well of 7 me] @S
7PE N64°E/84° SEC] 4PS(Fig. 2-7a)3 24 S22 ddohe N40°E/49°SES] o] T
H(Fig. 2-7b), BHFAE Fl S5 WA s5E Bdes wiEdd o 2o 9 (conjugate) A
ol Al47|= F=le ASE AEsial 3lao] A= (Fig. 2-8) HAET v Tl 27 A=E

b Bze5ol WAskae hsel stk

o o

l

I

ot ¥

r
0|

Fig. 2-7. Outcrop photographs showing NE-striking normal faults in (a) the basements (rhyolitic rocks) and (b)
the Pohang basin—fill (mudstone) observed along the Gokgang Fault line.

Fig. 2-8. NE- or ENE-striking conjugate reverse faults identified on (a) eastern and (b) western trench walls
excavated along the Gokgang Fault line, which cut the Quaternary sediment layers (Unit A~H).
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TS0 2 AHOA EZFR|Zf oJet 27§79t & (surface crack) 12|31 SHAFS}o|
#EZE(sand blow)o] LAY M (Fig. 2-9a~d), F4HSAS wepi e | FEddo] HFE= 4T
ZARE &5 FoIx]9tHGhim et al., 2018; Choi et al., 2019). ESF 23} Z0o]| 25 FF=oj#l €}
ZehHA(sand voleano) @] A= A B FES FAHSO T4} FARE B5dgo s vidn)=
QItH(Choi et al., 2019; Fig. 2-9e).
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Fig. 2-9. Examples of ground cracks (a-c), sand blows (c-d) induced by the 2017 Pohang earthquake and (e)
Rose diagram showing the orientations of the cracks and sand blows.

= WA Z|5t &5 7I5kE siAsh] ffsl ZAIRIC] 230wt oj31E0] 33k 1Y £
9 A7) H7|1F6) 12l InSARE o817t AHHY AmeES SU6H, 2ot &Fo] fgdHo] 55
TFE 7 B4 BRko® 50~70° 0] HAME Zhe $olE RS Xt AHS 252 o A= SiAH
THGrigoli et al., 2018; Kim et al., 2018). w=zhs 1 AR AR

of oJsff RFEelRl ofe] B ko] Aot 3T AEE & TdHE IS ‘?_OkL%(antlthetlc faults)
< sht @4 S slollA] 4%k -’F%O]%*é%% ZRY Ao At Avts sfAh(Fig. 2-10:
Choi et al., 2019).
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Fig. 2-10. A schematic diagram showing the distribution of surface deformations across the 2017 Pohang
earthquake rupture and proposed mechanism associated with blind oblique-slip including reverse-slip component

and their related surface folding (Choi et al., 2019).

S gk Afle] 7 WAVl Te, BAREC] eEeH ARziE BeE Sy el Ay AF
3 SRS FTOPAKim et al, 2016), P FPHE B FHE- A B FA P Fo ¢
e M Azt At QE-Getilot FERRE A

3s0] glo] ofefet @4 SRS HHY

1
whe Seigol FHE Ave dhEckFig 2-10).

Fig. 2-11. Regional stress trajectory map showing the distribution of regional stress fields in the central and
eastern parts of Eurasian continent. Reddish dashed lines indicate trace of the maximum horizontal stress axes

based on the World Stress Map release 2008 (Heidbach et al., 2010; Kim et al., 2016).
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23.2.1.
AlFE PX-19] A& 206 m7FA] ofo] @A i
wjoly] AAEZ] EJAer /\]Jﬁo] J,]-zl—g,]_i v
(Fig. 2-12). PX-29] 7= 186 m7HA] &
T AV ShilelRrT WEERER o] 1—?*1011*1
offl HiAo|A eH AFE HEe BT AFsS et
(true vertical depth)= oFct.

=9 ok} 2|

=Q1 ALS FAAT TEETHI} 208 mTE
A= A= 206004 208 m Afo|2 mdETh
2]t} 200 m oSl A AARER] EZet
= 186 moflA] 200 m Afe]olet. gHH,

1% (measured depth)2 AA| FAAE

A

kel
° o

EI>"

Fig. 2-12. Geological column showing
the boundary between Miocene Pohang
and Cretaceous Gyeongsang basins.

PX-19] 208~2,354 m HEolA 72 ElddRet sHiehR AlHEo] WA=t} 2,356 miE of
280 Ma9] H&7] sFHdEd(Yoon et al., 2015)0] e R g HARZ-GEST] A= 2,354 me} 2,356 m
Alo|& wheElch(Fig, 2-13). PX-29] Z-2oli= 200~2,348 mol|A] AAEA] E|Ztnmet shitelir Lot
2,350 mTE PIHEY AlHo] TR R R AAFEA-FEST 9] A= 2,348 moflA] 2,350 m Ak Atelo]

AT

L= San = o o
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rlo
i
X
2,
i
4
=]

o}, g, UiAz] 7t AlFet PX-1 Master logollAl @53 /994 s g es HEE,
PX-2 Master logellMe |71, A5, oPHESY, o dnider Ho AEHe] Zieso]
e AR SedelA PX-13F PX-2 A”ARS] SRt o Aole A=A ekt

Fig. 2-13. Geological column showing the
boundary between Cretaceous Gyeongsang
Basin and Yeongnam Massif.

2.3.2.2, CHELY

1) Master log &4

PX-1 Master logol= @3] EAeH BAg 7150] 8 fl §Hd, PX-2¢l= &5t H-igh H|A|
(gouge), T=H(fault core), =4 (fault damage zone), ATHE(small fault), 7FASZE(small branched fault)
So] gol5o| 7)Aol AREE]T QIrhFig. 2-14; Source 2). €3] A& 3,115~4,202 m Atolol|A =1t
Z1A7F oA oA FRIEl=H], S5 3,533~3,5369F 3,541~3,546 m 7+ 2|1 5 m oA TSH|A]
= 3,115~3,121, 3,153~3,185, 3,515~3,524, 3,533~3,546, 3,789~3,807, 4,173~4,192 m 7oA 7|=
o] Q.
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Fig. 2-14. Summary of information indicating the lithological changes and the presence of fault zones from PX-2
master log. ‘Almost’ is assumed to be the term used to describe the state of being lumped together with clays
and rock fragments.

2) PX-2 HEIXZ 20t 2zt
EARE AFo] o]Fo]2]7] ¢k PX-29] AYAE= ol RES}; ©EHI|9] Setkdo] AE THs7h
BRI, 3,790~3,815 m Fe] AGAROA e 1ol TEER] = ES A5k S (HIA)
A5k Bolgt 4bdEoe] TEEI o] 1 Al|ES T2 1to] o utert o £ 5t =
A5 ot &rlor AR Faw el Jeg Fert ule ofet dHER i IEH G| E
Al AEESAE theF BEThFg 2-15). £3], PX-29] 3,802~3,815 m tollA ©hEn|2|& A 5]

AN rE
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Fig. 2-15. Comparison of the cutting fragments at depths of 3,784 and 3,803 m of PX-2. The fragments at
3,784 m are mostly angular and fresh, while the fragments at 3,803 m are mostly rounded and degraded
(friable).

3) PX-2 HEA = b

Master logoflA] @F o2 7|25 Ak 3,535 met D32 71219 3,544 m A|H 123l o
QFHgofl A GSA IR C 2 ThE A FARAL AnterE E2 3791, 3,804, 3,807 mo] AlEE] gl
A Aol W AABIATHFg. 2-16).

A 3,535 mellq A ool v BEEY 4 2 mm olske] HoM B 22o] wHEn

4

(Fig. 2-16a). 2784 A2 iF& Aot 282w 2go] EsfshtFig. 2-16h), &5 22

0l

.
Z

rh
o
I

NN mlo

© gkt 18 ol vlef £o0] oS} S WA 59E HATFg. 2-169). 3,544 mofi A
P22l B3t 2AE Holt HSo] R 1= s:& o), iR AT st or] 27 5L
210 A3 1 o147} s Qe 2-160). 3091 m GREE 217} s e
=0} PR g 242 Holi ol ER ga}w E2 BQIth B 22 Holx] g AR 8
79t 1Y GUEL 35359 3544 m A= PRE] oo ArjEoR G717 AT Ankest EokFg
2-16c5} 0. 3504 me) 4 L DFY S 2ol B3 | om ool ol RS Y T

o|FAES 7 SR ECKFig, 2-160). THAIBEOR 3,807 m
D29 24 Bolo] Yokt 3 ol WS} ARS e

HolZrh(Fig. 2-16f).

e

—‘é:—% 3,791 m GHEEH FASHA

g HoF, thiE 1 em W<l 371—

oF
=

EXx
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Fig. 2-16. Stereoscopic photomicrographs of cutting fragments at depths of (a) 3,535 m, (b) 3,544 m, (c) and
(d) 3,791 m, (e) 3,804 m and (f) 3,807 m of PX-2. Fragments of (c) to (f) mostly show textures indicating fault
gouge or ultracataclasites. (g) and (h) Cutting fragments at a depth of 3,535 m surrounded by drilling mud and

no drilling mud, respectively.
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TR SPget 2215 HAFE 3,544 m AlHE Aot Be Hre] Aldse wagadnld
Folld B8 HEA IR vl EAS F3lo] HolErhFig. 2-17). Fuld Aol ~
500 um F719] oot el dHEs EAsIH HHEe| drtes AAF o= Jositt, 1M
o ofske] A e Fr A9 AHor AR o4 GV Be H BelldE
AR IRt 25EF ol AE Al 24 Fesk a7 wEE:

718l E Ul A = UM o R FAEE =49 @E%L%—‘é—ﬂ =5
25°| A2 di(banded) 02 W5 F3it G2I7F HHEolA St FElo] Fe 4= A m, FF2

By Ay
Mook & oox

——
o

|

:l:‘
=
R
]
o
o
iil

REE
Q) Bt A2 FHo| B pawe, JjaoR F/7h 2 o FuRd et e Wa
o] et el Atoleliz el o8] el A QlAkEe] deloh SR o S 229 nh)

S5(cataclastic flow; Chester et al., 1985)9] A2l w&0] ]

o gukzol JEST AAsle Aa, Wl DEHA, THlgEEY SO EAE Do v,
PX-29] 3,791, 3,804, 3,807 m HEollA TEE= AHES i BHEE 958502 Qlof T-ado] o
g R PSR 4T manre) BEUEE feE AoR %L%u} =2 G341 94 3
of 23} BEEC| A Tagk A4 B4 T2 ofF Tt o]

(Fig. 2-17).

Fig. 2-17. Polarizing photomicrographs of thin sections of cuttings at depths of 3,791 m (a) under open and (b)
crossed polars, 3,804 m (c) under open and (d) crossed polars, and 3,807 m (e) under open and (f) crossed
polars.
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4) PX-2 HYA|=| X-H SHEM

X-A RS ol HEE AIASHA 942 AFEiolA 315 i olske] AleE A= A Hdx7]o] 24Xt
Az 5 Easkele] Aasiict, 24 Ayl Hg(quartz), AP (plagioclase), K- (K-feldspar), Bl
(calcite), 294 (amphibole)?t £ AWl ZFET} 1A (chlorite), +EF(Mica; d2to|E(llite) 2t
H1-2- B (muscovite)), EA13E(ZTER]E; laumontite) 7t 22 T-E9OlA oxt2 £5] AFEEl= B0l 9
Al EAIAL &0l I IeKTable 2-1: Fig. 2-18).

Table 2-1. Mineral compositions of the PX-2 cuttings measured by XRD (wt%). Qz: Quartz, Pc: Plagioclase, K-fd:
K-feldspar, Am: Amphibole, Ch: Chlorite, Mica: lllite+tMuscovite, La: Laumontite, Cc: Calcite, and Gs: Gypsum.

3,535 3.66 36.70 16.96 0.01 13.32 5.78 15.79 7.76 0.02
3,544 20.32 47.60 20.38 0.00 5.32 2.06 0.00 4.32 0.00
3,790 9.82 42.88 8.00 0.00 14.84 10.28 9.01 517 0.00
3,791 5.54 50.34 10.31 0.00 18.93 5.65 2.82 6.41 0.00
3,792 14.12 34.12 17.10 6.35 10.66 1213 1.49 4.05 0.00
3,793 7.61 42.46 11.45 9.81 9.50 10.33 4.62 4.21 0.00
3,804 7.26 44.90 13.20 7.12 10.91 5.85 5.23 554 0.00
3,807 9.32 40.62 10.11 4.93 12.85 10.76 4.64 6.78 0.00
3,808 4.56 34.99 14.08 6.30 13.99 11.95 7.96 6.17 0.00
3,814 9.86 35.38 13.19 12.10 10.91 10.39 3.68 4.50 0.00

T2 PHMIEA R A= 3,544 m AE AGAIRAN = 4G9 o] o il Hlof e =0

] ZRFEo|EZE AREER] 9=t 3,535 meflA] 3,791 m 1telli= ZMdAlo] ALl AFEER] o= W, 3,792 m

oA 3,814 m o= ZHdA0] 6.3~12.1% WelR AETF AE%E Z1og HoKTable 2-1) A%k 3,791}
3,792 m AfeloA g2Aad MY Bt WSS Ts g AT

I
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Fig. 2-18. X-ray diffraction patterns of PX-2 cuttings.

27



20173 118 159 AR AR 9] Zgo] SRRt vpol oA ZRiAle H5A W] 9403 F3°
SESH ololl e ERE WA R Bl dEsE2 25l odf 2E dALHT HARAE *F
SHHom AAFoR SH A[Hot SER] 2 A3 AfeloflA Hold #71q EAlolt AFEA7F A
FA-EEE WFY I skl FEE S 24 Hitele S WAl S5 Bde =HAEAE 4
G5 v TEelRlen, ofF R 7P 2 TSl S0l 2R A ISl AR
A AGA L] A Azef ABHAY B, oX1E59] 33 1Y 2, TV 5] A=E T
SPH, EARS MEo = oF 50~70° FARI 4] 2 5 weold] 55T UY s AgsE 5 54
d5-0] WS shvt ¢4 s8ol88us 7Hle dusez Agd 2z siddd

LA QL DA 3 AlFg2] AABAEE 246, ZEA-TFIEA] A PX-1 A]
ol A= 206~208 m Afe]o]H PX-2 2ol 186~200 m Afolell PIxItet. Tt R4~ a5 A

L PX-1 ZFeA A& 2,354~2,356 m Atele] 12]al PX-2 Z]-ofA 2,348~2,350 m Atele] 9Jxgtch gt
H, PX-29] Master log w4, AYA=ES] S<hat dnd g TJ2ia X-A EE4E FoliA 3,790~
3,815 m A= 7tellA @53le] sigdsls SRR 7 EX o] off AtellA] SRIEgI o] Ak 7t
AGARELS T2 1719 AlmE 9] StabdolA] dntert ufe 11 33t B HiAR ez B
2 Ar g oft s 7Y thFe] HEEHRE nEH EAS Kol T3t AR mgdn]

7 Pl e Anhee] ST A 4, e BRI, SRR EEA 59 S Relrw
QLT X—4 SR AeA] TEetelA £3] AETE o)x BESo] EABKL 9lgo] Elslo] ke vEd
FOR Qe WY FEE WLshe A4 BET} o] Ak Tkl EAfsH: ZoR st 20184 8Y
o S PX-239] A5 G4EEN AQE Au7k 3,783 m Amold 98] o ofg ofelz e 4 ¢l

wjg

Aohs APL(FE A2 o3t shof F @50 spdro] A6t AlF-5 Aloldo] AstAl M= IAY
o 7

I
N
5
)
i
ro
i,
})J
Ne)
S
2
w
[00)
o
B
>,
HT
4
)
1o
[
0]}1!
&
o
3=
iﬂ
R
ftlo
mE
o

Mo
rek

ECI

Chang, K.H., Suzuki, K., Parka, S.-O., Ishida, K., and Uno, K., 2003, Recent advances in the Cretaceous
stratigraphy of Korea. Journal of Asian Earth Sciences, 21, 937-948.

Cheon, Y., Son, M., Song, C.W., Kim, J.-S., and Sohn, Y.K., 2012, Geometry and kinematics of the
Ocheon Fault System along the boundary between the Miocene Pohang and Janggi basins, SE
Korea, and its tectonic implications. Geosciences Journal, 16, 253-273.

Chester, F.M., Friedman, M., and Logan, ].M., 1985, Foliated cataclasites. Tectonophysics, 111, 139-146.

28



Choi, J.-H., Ko, K., Gihm, Y.S. Cho, CS. Lee, H., Song, S.G., Bang, E.-S., Lee, H.—]., Bae, H.-K,, Kim,
S.W. Choi, S.=J., Lee, S.S., and Lee, S.R., 2019, Surface deformations and rupture processes
associated with the 2017 My 5.4 Pohang, Korea, Earthquake. Bulletin of the Seismological
Society of America, doi: 10.1785/0120180167.

Chough, SK. and Sohn, Y.K., 2010, Tectonic and sedimentary evolution of a Cretaceous continental
arc—backarc system in the Korean Peninsula: new view. Earth—Science Reviews, 101, 225-249.

Gihm, Y.S., Kim, S.W., Ko, K., Choi, J.-H., Bae, H., Hong, P.S., Lee, Y., Lee, H,, Jin, K., Choi, S.-].,
Kim, J.C., Choi, M.S., and Lee, S.R., 2018, Paleoseismological implications of liquefaction—
induced structures caused by the 2017 Pohang Earthquake. Geosciences Journal, 22, 871-880.

Grigoli, F., Cesca, S., Rinaldi, A.P., Manconi, A., Lopez—Comino, J.A., Clinton, J.F., Westaway, R.,
Cauzzi, C., Dahm, T., and Wiemer, S., 2018, The November 15, 2017 Pogang earthquake: A
probable induced event of My 5.5 in South Korea. Science, 360, 1003-1006.

GSK (The Geological Society of Korea), 1998, Geology of Korea. 802 p (in Korean).

Heidbach, O., Tingay, M., Barth, A., Reinecker, ]., Kurfes, D., and Muller, B., 2010, Global crustal
stress pattern based on the World Stress Map database release 2008. Tectonophysics, 482, 3-15.

Kim, K.-H., Ree, J.-H., Kim, Y., Kim, S., Kang, S.Y., and Seo, W., 2018, Assessing whether the 2017
My 5.4 Pohang earthquake in South Korea was an induced event. Science, 360, 1007—-1009.

Kim, M.-C., Jung, S., Yoon, S., Jeong, R.=Y., Song, C.W., and Son, M., 2016, Neotectonic crustal
deformation and current stress field in the Korean Peninsula and their tectonic implication: a
review. Journal of the Petrological Society of Korea, 25(3), 169-193 (in Korean with English
abstract).

Sohn, Y.K. and Son, M., 2004, Synrift stratigraphic geometry in a transfer zone coarse—grained delta
complex, Miocene Pohang Basin, SE Korea. Sedimentology, 51, 1387-1408.

Son, M., Chong, H.Y., and Kim, I.=S., 2002, Geology and geological structures in the vicinities of the
southern part of the Yonil Tectonic Line, SE Korea. Journal of the Geological Society of Korea,
38, 175-197 (in Korean with English abstract).

Son, M., Song, C.W., Kim, M.-C,, Cheon, Y., Cho, H., and Sohn, Y.K., 2015, Miocene tectonic
evolution of the basins and fault systems, SE Korea: dextral, simple shear during the East Sea
(Sea of Japan) opening. Journal of the Geological Society, 172, 664-680.

Song, C.W., 2015, Study for the evolution of the Miocene Pohang Basin by the analysis of the structural
characteristics. Ph. D. thesis, Pusan National University, 144 p (in Korean with English abstract).

Song, C.W., Moon, S., Sohn, Y.K., Han, R.H., Shin, Y.J., and Kim, J-C.,, 2015, A study on potential
geologic facility sites for carbon dioxide storage in the Miocene Pohang Basin, SE Korea. Journal
of the Geological Society of Korea, 51, 53—66 (in Korean with English abstract).

Song, S.J., Choo, C.O., Chang, CJ., and Jang, Y.D., 2017, A microstructural study of the fault gouge in

the granite, Yangbuk, Gyeongju, southeastern Korea, with implications for multiple faulting.

29



Geosciences Journal, 21, 1-19.

Yoon, K.-S., Jeong, J.-S., Hong, H.-K., Kim, H.—G., Hakan, A., Park, J.-H., and Yoon, W.-S., 2015,
Deep drilling experience for Pohang Enhanced Geothermal Project in Korea. Proceedings World
Geothermal Congress 2015.

Yun, H.S., 1994, Emended stratigraphy of the miocene formations in the Pohang Basin, Part II: South of
the Hyongsan Fault. Journal of the Paleontological Society of Korea, 10, 99-116.

Unpublished sources

Source 1: Master log of well PX-1 (Excel file)
Source 2: Master log of well PX-2 (Excel file)

30



AFEelet B AR

Geophysical Exploration and Data Analysis



ZFAA} AGEAY] AAo] B
HHZAATE QOPR TA

Summary Report of the Korean Government Commission on
Relations between the 2017 Pohang Earthquake and EGS Project



A3 AF==FA 2 A=Y

/ Abstract

T3 AR AHO G2 E Fofotl AHEH MR V(8o TS HHYH +HS 2l ATSEEAR!
A HAb A7 SAE SOIAUCE R[oRE MT EAL ZAIRE 01838H X7|H[AE 225 mifoto] O]
FoiHen, A U ANy BT HAF AR E 018510 U8 72 ARS tefA| £ 22E T}
OISIUCE. A HAF Atz A ol Ml SR APS AESIUCH, 7T He| 2M, oE 29
2 22 M HEHRIC| AAE EME SHCIRACE MT EAs A HOIM 35k S2EAL Y 2 7R
T2 UNA| ZAFR 4= Qe WHOIH, 2 HF0lME SRR RAAATLHAA 71201 £b5t 700 2|H
O MT HARIZLt ZH ZALE 2Pl 271402 235 AMT ZA=2E SA0| 285101 22+ 2 32+
At S5l ABHIRE FZGINUCE 22k 2ME Soll AFLH ASA0IE Q20N 55 YWatol ¢
g e AR 2FlE H2 MU7HIAMAZE LEHtE Z40] SRIZICH Ol ZYRRIS |EUTH HE
CHep 0] U= A= MOLECE. 32F@ 241 21t EGS AIO|ES| ESE Hat0i|lAf O|0Z|E =& Z7[H|
M7 EGS AO|E QIZ0IM MHIMJTHE MStel= 20| TAZACD O] FA| 221 B0t FALRGH
CHECHO| 2AME o0[She Q& meEC). Oyl S2[EAL ZutE EME 23 A7 £99] A1 112
£ MRISI0] & M, EGS AOIE Q1Z20]| &2 MI7HIMJTHE LEHt= THECH7E 2Aet 102 2ZEY
O, A3 LR Ao WA 7hs4ES LA F—Wﬂf EAL AtE SHAR SRR HANAN T
OflM et A= E O83IUCH, A HAL A2 E Salf M5 £92| M 12 E TG =25
Al BHIE SoliM MR -2 xet ZAZRE ERIGIIC ZEZ}\I SilAl Zaf, SHE 2F 200 m A&
SE G245 Bt £20] SIPF AZEQCN, S0 HE A=t check shot, AIZS W 24 A&
52 OI83tH AlIZS SIHIAS] £ REE SAGICE. B0t Ae 28 240 £ FE= U
ZHO| 2AE 2fot A70 S ARBEIICE 241 21}, 7|29 AF0IM AFES £ & Ao Z A
Slote & 27t OSEIQUCE M2 HALS 0180 A HH He| 221 JUst HE JAHS ol CHef
Sh ZZHISHIM ZHE SAR AHRE $2I5IRCt Sentinel- 1A/B, ALOS-2, Cosmo-SkyMed $4O
22E] 25 SAR Atg9| 2f0|E7HI7|HE 0I&3I0 4= mm~cm L2 AJHY| A=S ¢5H5P9"i
Ch CRpo

| SMOREE| PEE WSRO RIE| 31 Y *—E’% A5, 7ict 2o 2850
27 20 (st BHE0| Z3t ZA Y

= ’
£ xygsi0f @71} DS B3 A TE0| TSN 40| U DU BAS B AT

Geophysical exploration and remote sensing data were analyzed to visualize the underground
structure of the Pohang earthquake zone and to perform fault modeling based on surface
displacement. The underground structure was constructed by analyzing the electrical
resistivity distribution using MT survey data, and the near surface structure and the velocity
distribution up to the borehole depth was obtained by using refraction and reflection
seismic survey data. Three kinds of satellites were used to analyze the remote sensing
data, and the surface displacement analysis, the fault modeling and the temporal analysis
of surface displacement before the main shock were performed. In this study, MT survey
data of more than 70 sites obtained by the Korea Institute of Geoscience and Mineral
Resources (KIGAM) were analyzed and additional AMT data were collected for integrated
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2D and 3D inversion analysis. 2D analysis revealed that a low resistivity zone near EGS
site appears to have a tendency toward NE direction, which is related to the fault zone
that caused the Pohang Earthquake. As a result of the 3D analysis, it was observed that
the high-resistivity zone, which continued from the ESE direction of EGS site, was converted
to a low resistivity region near EGS site. Based on the results of the above geophysical
surveys, it is assumed that there is a low resistivity fault zone near the EGS site and the
possibility of intersection with some boreholes is implied. Seismic survey data obtained by
KIGAM were also analyzed, and the stratigraphic structure of the near surface area was
identified through reflection survey data. As a result of the analysis of the first-arrival
travel-time data, the rapid increase of the seismic velocity was observed from the depth
of 200 m, and the velocity distribution to the lower end of the borehole was estimated by
using the sonic log, check shots and lithological information. Velocity distributions estimated
from seismic data have been used jointly for the identification of focal depth. As a result
of the analysis, the velocity distribution which is generally above the speed used in the
previous studies was predicted. The SAR data were collected from various observation
direction for surface displacement measurement and accurate fault modeling using remote
sensing. Observation of surface displacement was performed with a precision of several
millimeters to several centimeters using radar interferometry of SAR data obtained from
Sentinel-1A/B, ALOS-2, and Cosmo-SkyMed. The 3D displacement component is decomposed
from the INSAR measurements observed from multiple satellites and applied to the Okada
model to calculate and analyze the direction, slope, and movement of the fault located in
the lower part of the surface. In addition, the sensitivity analysis of the geometrical
characteristics of the faults estimated by the Okada model was also performed by applying
the Monte Carlo simulation.

2|EAL HiE H EL2E

ﬁ

=G A2 WA Aol Tk Aok 12 ARE F7] $lstel AFEelRAt /o] Agelch. A7E
TAR Aste] TS A/, SR B R BHOE shHFoRA A5t JRE dob & 4 gk
2 ZAAE ATBYRA Y F ZFEHNN 2§ /Fse el A 7B EE A 8ste] 1g
A7 A A4 A5t ARE A5ckR} ALk o2 $I NE AT SIS Aze] A ol Al A
FEelRt ARE SASekL o2 s th Aol 7] SR AFEelRAi SRR, MT
(magentotelluric) T4, A71M1AGRAY, SPEIAL, St WP Bl 2k ghal Sole] ool tig 7]2Ael
AEZL SAHen Bagh A9o] tiste] Aol sl

rﬂ
O_u

-l>



A3 AF==FA 2 A=Y

AFEAPRE 27 AT sk S8 MT 9 AMT B, A3t A150] 729 4% 7%
£ Fook] 9Ie St Tk el AR S BERgEon el SaEt ofF MT ¥
AMT B4 A2 712 A20] gt 4= 42l 398 AR Aokl uAg 722 249 T2 3uos
PISIFO RN DI AFACIE Fe] B, Tfh 9D - Gl e WG orhel we
P ANt ST ET DA TARE P29l AFe] HA) FEet st Hav} Fal, AR A
8 50 &= PUE ATY 5 082 XF BAS PINT th (99 S5 728 Slsh] A
2202 BgHolch G A% WA 91N L BT T2 TSP SI7 AARA N B nd )
o] 2gHglt. 97 WA F. FAOIEIGAR) ARE ]88 S o]elH7RISAR interferome-
try: ISAR)S Z|09] Sfgt SIS 4 mmeeme] FUER P& 4 9lom), oS Sai 43 n}4| 2

=2 O
H WS &5 Al ofsl BAShE o124 vl A& Wt vlwko =] AR 23 2 917] Bl S5

=

1o
-
EN
i
o
o
o
rr
__‘TL‘
i)
Of

&
>
%0,
rr
ol
L
o
)
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Fig. 3-1. MT/AMT site map. The solid lines and the green box represent the survey lines for 2D interpretation
and 3D inversion area, respectively.
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Fig. 3-2. Resistivity models from 2D inversion of TM mode data for the survey line (a) V1, (b) V2, (c) V3, (d)
V4 and (e) V5, respectively.
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Fig. 3-3. 3D resistivity distribution from 3D inversion of MT and AMT data. The black and blue circles indicate
the MT sites by KIGAM at 2002 and 2003. The red circles represent the AMT sites at 2018. Four survey lines
(black lines) on the surface are assumed for the 2D interpretation.
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(© (d)

Fig. 3-4. Resistivity sections along the survey lines shown in Fig. 3-1; (a) Al, (b) A2, (0) A3, and (d) A4
respectively. The low resistivity zone (white circle) at the central part of the section is interpreted as the
Heunghae-eup artefact.
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3ot 27191 St o] vlsto] oLyt F3iokA £stol, RE Tl FYol PESIHA Lt e 1]
uAge Fole Are) AR HEom et o4 ko] Sdsta ot

3.2.4. 23 Y E9|

KIGAMPAE 35 EaA Sohe Aefll ] A% shafe] 212 B2102 200297 20033 2

4 MTEARE 2a5ke), el KIGAMS] S1o 23051 MT 24} Al d] A 2ol
7} Z5 =} dpgol ool mheel AR AFAelE glLe] £3 HEs} uje REsich o ZAlME
olelgt BAEE Fuap] Slstel Al AZAlolES FH.02 SR ool tisle] 7149l AMT Bt
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U SalkeAler T2 A A 29SS el AE|kel| AP Jlck 5&1?1_ A 58 MT 2k=oll digt 3
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3.3.1. & 49

O A& BHIt ARtz & 22|dS A=
[olE R gdnt A= oF 1.2 L-km +20] edut AP gAtaet 2|94
5 Amolty. F7H o= PX-227H of 2.5 km Hojfl 2of At AFF

dSA

2
~

TG

3 PX-204 =43 Sutl
2ukA% ARE A7) BESAT. Fig 3-S5t ADLH 544 9139} St
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HEARY AL S4, AF8(PX-2, BH-3, BH-4)9] $IX& EARE A=ott

—
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T
ie
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T
~
)
>
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(PX-2)

Well logging data
(BH-3, BH-4)

s BUEH 2w F 7P o] 2 AFE sG] ARA ArGEE AeE 17
(check shot data)& &&= B2l HF 4 WA (calibration)ol] 2-§ot3ct

of thet 913 SEo} Wuk ATk LR, §17) SHES ASF PX-25
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(a) (b)

Fig. 3-6. (a) Geometry of the borehole geophone array placed at PX-2 and (b) the location map of 6 check
shots.

Table 3-1. Origin times and coordinates for check shot events.

1 00:31:19.968 3,498 672 34
2 01:17:50.936 2,582 311 9
3 02:17:55.056 1,322 171 6
4 03:12:24.928 -567 -1,115 "
5 03:57:21.080 -1,137 -1,914 13
6 04:33:25.960 -1,594 -2,782 22

3.3.2. EHgm HAME ZHEA2| Zat

O & ednt 9P 2tE+= 20129 29 21870 A
v 29 -S4 (dynamite) 27FA1E ARESto] FSE QI A4 dol= of 1.2 L-kmo|X 715 AR &
Ao whet 2% = 3% o qQlo] 42 Ao A5 AXE Eshlole a2
H|7} £2] Zote] on] Sl= £EAFEE ¢7]= wie ofefe Aos wekent ZkmA g SchlumbergerAt
°] VISTA AZEQo}E olgste] Edflo]lA HH(trace editing), 2 HEA(static correction), EHI} A|7
(ground-roll suppression), A%7] &2 (stacking velocity analysis), ==7](deconvolution), FZIA17kx}
HAZMNMO correction), #47](stacking) 5 7122]Q1 ©/du} ¥RAR =2]e)E 436kl

ftlo
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Ao Aol Wt AREAATE QFH A

O B Zt=zx{2| Aot
715201 HAPH zpg 2] GAS AH 73487 (stack) TS A1 ZJo] HgkS d1rk(Fig. 3-7). ©d
TZE & o oF 200 m Zolof| WkAPAC] EAks A oR Hol=t|, o] FApH2 HAEo] ujiE o]t (un-

consolidated mudstone)32 71 sFF-2] AAA -§3]H(crystal tuff) 52| 7

[*]

(e}
ARl Aog FAHL F5 F7t
Z(CMP) 300813} 50081 Afo] F7tell= 600~1,000 m ZolollA] HZo=2 A2 HiAlHo| Hol=g| o] HkA}
He 37150 SAY wely] EAS(ARET o] EAE AH)S FEsHE Aeg FAHc) 1,800 m

ol AolA] BH0E AR odIE EF RS F35H Uk 115 BAWOE Sgstlol At
wjS- P Zspt

CMP Mumber

Fig. 3-7. (a) Final stack section and (b) its stratigraphic interpretation (the section is displayed only up to 2,500 m
in depth axis because the stacked traces at later times are severely contaminated by noise and ground-roll).
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3.3.3. B8 =2 siMqZ2a

O R ZpgAf2od SiedAo] Aol E7bssiol7] mizell AR 25| S 2s d7] flsf =4
H siie skt S 9R(AR) NN LER(EE) or sk ATk head wave)= HE £E K

o WrpYFe] MTIRE LY &g HolDE MEOR Z4E ol ANEF T2E T & Ut
(Fig. 3-8). A% Wyn PARRRE 25 A Aol 23 4 R THek,

‘\ \:‘n‘.‘._!
RS

N ol
ey

Copy View to Clip Board

(@) (b)

Fig. 3-8. Shot gather seismograms corresponding to (a) forward and (b) reverse traverse for refraction analysis.

Fig. 3-9%= 8 Anl2 98 45 mulS HojZr) 129] £k 1669+5 m/s (AR5 95%) & n|3
4 o|T Y] HLo} vt AS ERIT 4= Qlk 259 k= 4,009£8 m/s (AEg<E 95%) = 284 32

Station #
400 351 301 251 201 151 101 51 1

g

Depth (m)
g

300

«— West

— East

Fig. 3-9. Two-layered dipping interface model obtained by interpreting first-arrival traveltime curves.
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3.34. £=2%Y 75

O £Ends 12517 9o A% e} e} st AlF2 E24
Aoz ALgslgrh £rnd 1= gbge oheal )

O A B Aas vlgtog A4 ny 1=

@ 59415 A=E olgsle put £& 2F

@ 2484 i s o8 MR, 2B &= 74

@ =2HF A=E ol8Rt ARAIT St £k A%

® Check shot Zt=E o] 83t SIHA|S(3, 45 Put £ HA

oM
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ol
filo
o
el

I le'

[¢]

O QA BM R0l SMZAS AHR0| oI5 PIF 45 DY 712

A58 BH-49} PX-20142] A4 ALk 7Palo] Qi Pt 2 o] TS ol M
7] SEREe 7ESUATHTable 3-2). 5710] Fow TiRale] gutAEo Rt T &ro] ke
shact.

Table 3-2. Simplified lithology model and corresponding P-wave velocity model at PX-2.

1 0~203 Mudstone -
2 203~670 Crystal Tuff & Tuff Breccia 3,190
3 670~1,185 Mudstone, Sandstone & Andesitic Tuff 4,450
4 1,185~2,450 Andesite & Tuff Breccia 4,780
5 2,450~ Granodiorite, Diorite & Granite -

O PX-2 SotAZ A=t =Y oA 2t=z9
Table 3-20l4 753t £ Bdle]] PX-29] S0t35 AaE Sk, 244 o e d2 &0
2elS st A= Fg 3-107 Zth BH-40l4 543 2 A=tE 1,680 m7HAgE EAfjetaz
1,680 m opge] Amellis PX-204 43 ST A=E 2-8stalrh
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o

o
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Velocity (m/s) Velocity (m/s)
o 1000 2000 3000 4000 5000 6000 7000 (] 000 )

500 500

1000
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——BH-4

—BH-4
——PX2

g

—_ —PX-2 —_
——PX-2 expr
L_:" —PX-2 Expr » -E‘ Wi del{:]
- - -Me
E — Model(P) fé i
Model(P]
8 2500 B 5m (corrected)
3000 3000
3500 3500
4000 4000
4500 4500

Fig. 3-10. Modified P-wave velocity model using the sonic log-based model and the two-layered refraction
velocity model.

O Suh & 2 1=

Sut &icofl ik FH= A0] 2H& & glal PX-20049] BTN YoM St SR8 Sl
3,400~4,000 m FZtollA S5 ST AmEHE Sut £o] Fdghe ol 3,310 mo]al o] wf Aof
% = oF 0.2650]t}. o] %k% wgeto] &Sk & Yl Table 3-37F 2tk &= v S| a5t
32 & VERfich

Table 3-3. Final velocity model (Model 1) based on well-logging data and refraction velocity model.

Depth (m) Lithology Vp (m/s) Po;sai%ns RENEIS

0~203 Semi-consolidated Mudstone 1,670 - Refraction
2 203~670 Crystal Tuff & Tuff Breccia 4,010 = = Refraction
3 670~1,185 Mudstone, Sandstone & Andesitic Tuff 4,450 - - BH-4
4 1,185~1,680  Andesite & Tuff Breccia 4,780 - - BH-4

5 1,680~2,450  Andesite & Tuff Breccia = = = =

6 2,450~3,400 Granodiorite, Diorite & Granite 5,410 - - PX-2

7 3,400~4,344 Granodiorite, Diorite & Granite 5,860 3,310 0.265 PX-2
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O Check shotZ 0|8t =24 B

n|22lE BUE o AR AlSg sidA] XA = 5 AR E SAIHel ofgt 419 (check shot
data)E o] 835l £rrde 7@ sttt Check shotAt=E £4510] Patof| tigt Al7ZExHmoveout) S -8t
x—]_u;_ ZZo] 7}&:—31- oz ;ﬂ-Ls].ME]- —'—l:._ EH]J 1 2 %xh:ﬂ OH _412_2._ 75;%1 St 71—0]5; jl_xqs].oﬂj_
AFF XM7Y 7P B S e 3, 4% S5 FAstaAt shinh Al3s AlA7E 1360~1520 m 77t
AAE| 7] wfliZell 2|3l WAYGE o[HIES= 53 o o] Skroli= FeFe A S=tial 71EstRlth Check
shot Zt=9] Pu} AIZI2} AR 2 &5 AAck= EA= vhe HWaFe F52% (under—determined) ZA0]12
2 323} 429] £571 BUsii= 71 Slof| A A aPslin) At Ax HA &= 505043 m/s
2 AR=EIh 71E &5 BYlo] 323} 4= &5} 787 4,450, 4,780 m/s1d] HIsH <zt 24 AR =g

o] ATE Wgste] BAT HE S RDL Table 3-49F Tt

Table 3-4. Modified velocity model (Model Il) using check shot data.

1 0~203 Semi-consolidated Mudstone 1,670 - - Refraction
2 203~670 Crystal Tuff & Tuff Breccia 4,010 - - Refraction
3 670~1,185 Mudstone, Sandstone & Andesitic Tuff 5,050 - - Check shot
4 1,185~1,680  Andesite & Tuff Breccia 5,050 - - Check shot
5 1,680~2,450  Andesite & Tuff Breccia = = = =

6 2,450~3,400  Granodiorite, Diorite & Granite 5,410 - - PX-2

7 3,400~4,344  Granodiorite, Diorite & Granite 5,860 3,310 0.265 PX-2

EC wxe 1o @

3.4.1. SAR QA 22 8IS

ofM
ko
Q
E

20178 2R Klof| ofgt 2|39 = sk
o}, Z|zlof| oJgk 2| FEA 19 -3 (stress) T °ﬂ oigt JHE le}t EKOIE Ldlgo] A s =o)7] 9
A= te] SAR Am=ERE IS5 HIE ol8sks Zo] BatAo|tk]o et al., 2017). mepA] 2Ro=
ARt A EAZ flol dlolHi 7S A8 = U= FUe] 1598 dFFA A=E skt
(Table 3-5). #=AQ] F7= AHo] ALOS-2 PALSAR-2 (L-band), 52| Sentinel-1A/B TOPSAR
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(C-band), ogz]ote] Cosmo—SkyMed (X-band) ¥ gH=52] KOMPSAT-5 (X-band)o|™ 3% =9

gE9e 015dEE 2018€7kA]o|ch

Table 3-5. List of SAR data collected for research.

Resolution/

Path/ Incidence

Satellite Direction Mode Frame Angle Polarization Swath Wavelength
2015-05-23
2016-02-13 g
——— Descending St(rslrlz/lr‘??p 24/2890 35.4° HH 35%3;%/
2016-08-27
Alos-2 2017711718 L-band
PALSAR-2 o (24 cm)
m Stripmap 131/710 36.2° 4x6 m/
2017-12-05 (SM3) 50 km
—————— Ascending HH/HV
201/-04-06 ScanSAR 130700 340 420 m/
2017-10-05
2017-10-29
2017-11-10
Ascending 54 33.73° \\//\'{'/
2017-11-22
2017-12-04
- 2017-12-16 TOPSAR 520m/  C-band
Sentinel-1A/B (W) 250km  (5.6cm)
2017-10-11 )
2017-10-23
2017-11-04
—— Descending 15 34.02° \\’X{
2017-11-16
2017-11-28
2017-12-10
2017-11-12 56440
B 2017-11-20 53833 .
g?smg e Descending  Hlmage — 29.31° HH 43())%1 é ? irrf)
Y 2017-11-21 49093 )
2017-12-30 57151
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3.4.2. SAR 2I4ARE O|8% Mgl S

4% SAR Zt=E of-&sto] A RIS TSo7] flste] dlold M7 H-E A-gstaieh. A 2|7
=2 sl 7l HE 71 (Multiple Aperture Interferometry, MAD-2- 085t o] 27} B 59 7]&S
28519 Jung et al., 2011).
Fig. 3-11-2 Sentinel-1A/B, Cosmo—SkyMed, ALOS-2 PALSAR-2E ©]-&5}o] ¥=3t 2| HHA QI olct,

o)

Fig. 3-11. Descending InSAR measurements from (a) Sentinel-1A/B, (b) and (c) Cosmo-SkyMed, (d) ALOS-2
PALSAR-2, and (e) ascending INSAR measurement from ALOS-2: LOS measurements (a, b, d, e) and azimuth

measurement (c).
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Fig. 3-11c2 A9Jgt U] 21 mH9z 914 AlAl7} vlebis 9e(Line—of—sight, LOS)] BI$Ighe: 1t
ERiar Qi 33H A FHAQIE 8o 5517 QoM 21439 vl azimuth)oll Tt =7t
astEg, ojge|ot 5=l 24+ F51% Cosmo-SkyMed®| HAA=E o] =35ttt MAI 2=
2]+ (Bechor and Zebker, 20060)= HA 14 vlaFo 2 o] ML E F714 02 A5t tHFig.
3-11c). EZt ascending H=ollA ®9] #S £l flol Y270l &= 8%ste] ALOS-2
PALSAR-2 ZtmE F7}2 ok He] =S $PotthFig. 3-1le: Lindsey et al., 2015).

32k A FERL] 245 9ol Table 3-62] 914 TE54ks YRR AHsIQlt). HIgdRtel thet A&
HO o =S Vafste] Cosmo—SkyMed2t ALOS-2 $1/49] A EHL7F AJEESo AREE ALY
Fig. 3-12+= 32k A& G 2ol Sof dold J}le-—, TGRS 7] E R HEHE By
o] qlow, Zu] W FAHLPIR] 75 HERdch

Table 3-6. Input sources for 3D decomposition of surface displacement.

1 Cosmo-SkyMed LOS Descending -169.064 29.36
2 ALOS-2 LOS Ascending -170.072 39.66
3 Cosmo-SkyMed MA| Descending -169.064 29.36

Fig. 3-12. (a) Horizontal displacement vector field (the vectors indicate the magnitude and directions of the
horizontal displacements, and the colored map represents the vertical displacements), (b) displacement vector
field of the box A.
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3.4.3. SAR 914 &= Hel 7|d CHE Y

Zo]| 9J$t X FHYS s8] o 2 JeER)7] YA H-& ALl Okada dislocation modelS 2+85}191
1:]'(Okada 1985). Okada 2@l T5-20] 7|5 Ee} slipFo 2 e 2/ 5HA]/5HReh et/ duf2 o] z]3tofA|
o] WIS Altsl F= Rdolt}. @5 strlke/dlp— Axu}r EA2tm 2 e =& 214°/43° 0= 1145t

352] 75t 7‘41"%_(7 lo] & Zlo] QX|(X,Y))e} slip Hstrike—slip, dip—slip)o2 F4H 77/ H4-E 4

She ake stk

O CH=H 2HE 3l
2 AFofA= -2 siFEEoA ZYE ALOS-2, Sentinel-1, CSK 2kz9] InSAR A2] ZA¥Hs
HpEro 2 o 7)ol e (inverse modeling)& <~345H3AtE $HH InSAR ¥EX]+= LOS wWieke] HeukS ot
=y

ok} 4 917] wjo] WEo) AA| Wske Bosllol T AR net 339 A EA) BEA
gajo] 271491 U 7Jsh mue Salsiolh

25 wel meuleks 1,00031] Monte-Carlo Aol Ealo] Qojx] 7k mefale|o] o2& 13y
o el 3R B, Fig 3152 MomeCarlo A[SA01 2 Fofol =gl 2 afep
Ho] 548 1% BRE Uit Table 3-72 S1wol ] BEE 3719] InSAR TE719} 3719 PEAS

8¢ 4 nd wejulE S Gehict

Fig. 3-13. Histograms of the Okada dislocation model parameters obtained from the INSAR measurements using
the Monte-Carlo simulation.

Table 3-7. The best—fit model parameters and standard deviation of the 2017 Pohang earthquake estimated by
the Okada dislocation model using the descending INSAR and 3D measurements.

INSAR 6.76% 434+ 455+ 18.6+ 19.7+ -121.9% 90.2+

(L0S) 0037 0038 0014 214 43 0016 0016 113 0.85
o 479t 38x 549+ s 43 185+  1985¢  -868+ 1767+
018 0092 0025 0001 0,041 413 7.70
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O tH=H 29 3% JHAet 2 SiA

Sentinel-1, CSK, ALOS-29] descending InSAR #Z%]& &-goto] ot @5H(Table 3-7)&
COSMO-SkyMed @/do=He 3t LIt AlF3-9] 912 ¥E] 2k& PX-1, PX-2F ol-&sto] 32+ &
Alotalth(Fig. 3-14). 3785 T2 PX-29] e} 24 offjol] f1AIsta et ©E A} PX-2 E47He]
2] Agl= 180.0 m, 239.5 m o]t

Fig. 3-14. Fault plane models estimated from three InNSAR and 3D measurements along with the EGS wells, PX-1
and PX-2 (Upper image: COSMO-SkyMed LOS displacement).

5 ey Zuks o]85}e] seismic moment Mo) F& oL, T MoE AR (M) = H2kst
7] $J8fl USGSollA ARgsh= of2 A2 AR851 tHhttps://earthquake.usgs.gov/learn/topics/mag—intensity/
magnitude—types.php).

Mo = (Area) X (Net slip) X (shear modulus) (£F$]: Newton—meter)
My = 2/3 * (logl0(Mo) - 16.1)

Table 3-7¢f AAElo] Q= REGES o855t AlktE My 529 LOSEL 5.23 3D)o=2 AXlu} #=
< 5ol AP Zhat FARE e HQlth whebA ey Ayte AAE ©EHe] 3719} ol w97t st
A Z2AEgle e slolat 2= 9

Ma= =2 T AR
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3.44. 23 HT & 3.0 0|4 z|7Ioj| 23t 2|HEH| BHS

2017'd 49 159 ARY = 3.29] A7 2018 29 10 AR 711 4.60] oIt 23] A o
B2 slol5)7] 9J8) Sentinel -1 COSMO-SkyMED SAR 94F& =3 4519} 201749 49 15¢ A%
F5H Al 7] CSK = o8t 24283, gt U=rt Wot ZA40] AP QAN ti7] gl ot
QA7} - 212 2017/04/02-2017/05/20 Moz E] 1) S0l T3t 2|27 A ek
o8 wEr

Sentinel-1 $/d-2 C-band ¥ THd*ge] 2 AIIRHA o= QIS CSK ¥d2 o83 Akt gkt
A= Aol Zhssigint 20174 49 159 A= 54 Sentinel-1 $VAt= F 7MY 1UZrt £2
2017/04/14-2017/04/26 T80 2K e 18t 2 BHLE+= Fig. 3-159F . A2 AAeA] oF +£0.5
cme]| siFshE A2t SEARL ol I7A] FHE Aesr & o ti7]o] ofgt dEom wekww, 1
& oA o] Q= Wehs WA s ¢k

o Zog Helth 2018¢ 2% 10¥ 12 4.69] A7 WY
T=S 919 20189 28 8¥7t 2018 2 20 F54 Sentinel-1 /g2 ol-gst] HIEE ISt
(Fig. 3-15b). 7] @2tz PHE= £0.5 cm F=o] Ao7} Avks o s yaden, kgdictn 55% 2|9
Fo TIA 15 ecm®] PdellA Dojzl= ek WPt B o] A2 gt 7 km o ol e
™, 71E] B AVl I wE X Hog =xAQl A EHLR s

Fig. 3-15. Sentinel-1 displacement map with the epicenter: (a) 2017/04/14-2017/04/26 pair and (b) 2018/02/
08-2018/02/20 pair.
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3.4.5. Sentinel-1 PSINSAR A[A|Y 242 3t 04| 2|EHY &

20179 11 159 23 A A7) Q7] ol Ash= mAIR | BHLE A TE5E7] S1ol Sentinel -
1A/1B S o=2HE 2016 14 o]z HYH A=E T S+t Ascending ¥ descending HA==25
B 20161 1€ 209 o|F 3470 9/, 20161 109 4 o]% 317h9] Fgo] =t AAE 242 2l
JIHARIAIE o] 83 PSInSAR 7|H-2S 851900, 1]@%“‘&41]933’4' EFAIE TGt 299 A=A E 4
aYotairt. SAR G4 flofl S 7111 Y= BEHL 2E B4 & AAG UUE7E 0.7 ode] =2 4=
L5 7H= 2 HukS AEiste] E2l9E 2192 ascending A=Al 550,5017] descending Ak ollA] 710,4087H
O] PS (Persistent Scatterer)”} F==%|3Jtt. Fig. 3-16a+ ascending 2z B4 232, 542 HAELIL0

o1 =ML AL 9 o = RE] Holz= HRko ® ANHstk= A 4 glow 27 1, 2.5 e/ yrE UE
Wk Aol Heple epdos 7Rl Hieke] W2 A3 sl ofdRitt. ZA] AR 2 HofA oF
2~3 em/yr FEO] 2HEste] sfgel= A|FHSPE HAH o2 WSEAE, o] WMl QU AFHA|
] "ol Qlo] e dlell oJgh RISl o= siAH.

Fig. 3-16. (a) Mean velocity map estimated from Sentinel-1 ascending mode data, (b) the enlarged image
around the epicenter of three major earthquakes, and (c) close view around the EGS site.
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T8 AW G5 SO Sfigh Bk= Fig. 3-16b, 12|31l A FTH AFA|E FHES et
A Fig. 3-16co]l A= itk AGTH AFAIE FH PEAHA ot A e] e -2
—2~1 mm/yr oJ}j9] gfoz, gt WS Hole A&H2 gle A o= sfadt. 2 U5 23olA oo

A= 1~5 mm FEO| EFHAE Heloh
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Fig. 3-17. Time series histories of LOS displacement at the selected points of P1, P2, P3 and P4 around the EGS site.
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sk, A FHQE TSoHrt
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Sentinel-17 COSMO-SkyMED SAR /g2 o]-85to] 2017 49 15¢ 2hA8sH 15 3.2 Z]%13 2018
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Q0F / Abstract

2 FF0ME AR 2 HIFLS 8= Git B ARS8 AARE St st 7|HE 7Btz
Ho 2EUH HSAOIE Yol S8 HHIE HHSINLE B33 Jiske Z0|of| w2t Hat
5t &2 ZJ0[(700~800 m)OflAM= SE-NW, 4 km 32 MEO|M= ENE-WSWOZE LIEITCH 22
HA LS M= HE0| Mt Hosto] 2|9 AR0ME F20ISHER2S0 Relst SHAAIE Eo|1,

20 &2 MRS AR0ME SIE2S0 R205 32 A7S HOICL BE AR0| 24 A1 A

Ho =
I} AASTRZO| D7t QARSH 2O LIERILE ZCi4BRS20| I7j= 22t Lol At Cist
o] TS 3 DIIRRAY| 7Y 412 WS 2 HES0| HTHISI0| 0.62 F9E THA0I0] A

o =
S =Y B0l 2017 118 15 ZR2S TYARI B3| MEEe2 0.55~0.572
MYEIRACH 0] g2 A Yoks Z= U39 Mgt HluY mf 92~95% &2 =2 40Ith. 2
SlE M FOAE L AATB| DFAS
(0.53), 3.6 km AE=0{|Af 2la=F AlZ H OFZ2=(0.54-0.68) 2| SFIR|Q} FASIALE 2fZF 2 22
2, 0] g0f A1 2 ZoojAfe] T OF S48 tHEsk= 32, ZAIY THE2 At HEolA &7
219 33 EHO|HLE Olof| OF= Z&et 0l UASS AL

We estimate the stress state at the Pohang EGS site based on various techniques including
earthquake focal mechanism inversions and borehole stress indicators. The orientation of the
maximum horizontal principal stress (Sumax) Vvaries with depth: SE-NW at shallow depths
(700~800 m) and ENE-WSW at greater depths (below 4 km). The stress regime also varies
depending on the scale of observation: strike=slip faulting regime at regional scale observation,
and reverse faulting stress regime at a narrower borehole scale. All analyses including focal
mechanism stress inversion and borehole tests show that the magnitudes of S, and Swwin are
similar. Assuming that Simax Magnitude is constrained by friction of the most optimally oriented
fault for slip, we estimate the slip tendency (shear stress normalized by effective normal
stress on the fault plane) of the fault that caused the 15 Nov 2017 Pohang earthquake. The
slip tendency of the fault is determined to be 0.55~0.57, which is 92~95% of that (0.6) of the
most optimally oriented fault. This value is analogous to, and slightly greater than the laboratory
measured friction (0.53) of the fracture in rock cores recovered from 4.2 km and the
friction lower bound value of basement rock cutting (0.54-0.68) from 3.6 km in PX-2. If
these values represent characteristics of the fault friction at the depth of the earthquake
emergence, the seismogenic fault may be critically or near—critically stressed in its natural state.
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&35 T 2|ZkgEel ditt ARe 27 B A9 BS2F 7he e mefsh] St gl a4
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At 20179 119 159 My 5.5 AR 2] A4S olafiotr] flafl 2 A7t == it
A7 Tgo] Hkesol o8] WAk 1 el 230 (Coulomb friction law),
T/ (0=P,)=p
2 A 4 Qlk o7 7,2 B0 oA A, o= B 28she A8, Pe A, ue O
5 Fohe A9ed 7t 7,0] HE B AT ES okl AXS WEAIRIC
= | SAPOIE Bl 2|Z-g2e] Higkat 718 ket Alm 2R E ysie] s
A 2k w9} 0B FEEeRA TPATE WA B0 ATk M543 Balshed] B2o] Qlck
H AZHEA] QL S tfet 7oz jpElen ol ARE £ T B
Aato] Aol w2 o] Wy 3718 Bt et A eRE REEE 5 AHE S| 7t
A= Aot gAe] 2AYT 1 -8 gho] tEshe A7t At t2ng Ants Fgete] xR I
Z199] 33 o] o]83stA

T o=

=

7155—4 2 e A4 S AT ENE e ENE-WSWe] FtiefE-82e il Sl= o=
e glom ol TRt 7o g SAH SEm 2R E & 4 tHJun, 1991; Chang et al., 20105 Hong
and Choi, 2012; Soh et al., 2018). Fig. 4-19] S2H}eF AR 5L T A7 ZAWAUZS] P, TES o] ga}
7%1% AFE 58578 NEARE olgote] et AAa= i AlAS A (World Stress Map) 71 C B

550l sidoh= A=2A 539 ®Wakoll +20~40° 9] E44dS zka1 QJth(Heidbach et al., 2016).

rr

Fig. 4-1. Maximum horizontal principal stress directions in Korea (data provided by World Stress Map 2016): (a)
B-C quality stress data over the country, (b) C-D quality stress data around Pohang.
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[MES ]E}(Flg 4—2a)
9 Pt At —33* 21‘—‘?*5_94 2 ﬁ ST Z‘JEH E(S) W] N74°ES] ek o = yeton &
[e]

8501 F2F-5H(Sy)0l N345°E Belol B ozie
21° 7120 ko= UehgthFig. 4-2b). 82 kel thet 95% “ﬂ?ﬂoﬂ/ﬂ B30l 59 }Re 49l
2 ARl mEE BH 5,91 S B £27F S0l Aushs WA R AESH 2251 5,9 S5 7He] ekt

0] ¢F Fe S BT ol $:0F S0 58 2717t Al ] Uﬂ—‘?v_—d 105 TeEnh A4 5= 4t
I FRE R(ES1=5)/(51=53) 72 Bt 0.889] &2 +45 Hof RO o= 5,9} 59 kol 2
A A7k vAl aa AARIEHFig. 4-20). °] Aike 39 gatol ol8H AAtE AEe] sigsh=
7.6~17.9 km AE=olA o] Ftiet5-82 JRHNTAE)o] o] HAIAQ o583 ¥l ENE-WSW =

S QA HolFrh

Fig. 4-2. (a) Earthquake focal mechanism solutions for M)2.5 earthquakes that occurred around Pohang from
1997 and 2016, and stress inversion results showing (b) the orientations of the three principal stresses (Si, S,
S3) and (c) R value.

TIA DI AFATANE FH A5 AR km) 9] S22 ASHA] FAE oF 4 kmoll §AI_F k=7
AR ATY 2Rl ARG A 1 kmo] A|FF(EXP-DoN Uk s253541 Al5=89 53 At
(borehole breakouts, drilling—induced tensile fractures) 242 Foll =00 1 Hi= Kim et al. (2017)
off Har=|3iet. oF 650~810 m A=l A 8582 (Sima) 2 NW-SE (N122-138°B) =2 1353
o} 329 271 St b A2 O L1~1L 4= 7FE 331 448553 (Shmin) ©] A2-8219] 0.881= 7F
& 2R 2719 F3Eo8 W SEAATT St ? S0 Sl FEOLE Bl et AAE Hlo
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EgAF1e] Aol sfdohe 3~7 km AellA o] 82 EFAR o] 5] ofziatm el thet 2HA
Us S8dihe F6 78 5 ok ZAR ofF WAt F 202719] R A= RE Z7ke] 2AvAUS
& TFgstelen] I A M%@3) e ADFA, 24%487NE FHIEES, 4%/ AEE, 19

H2] 31%627NE 1 01919 B2 RREUFg. 4-3). °olF 20271 19| ZAMAYF A=E 2
T olgRt 5 it At HAFESE Y2 N86'ES HOI™ Stimax) Sy Shain 2] AHHA 58 2715
Helk 53 StapgelA e S Reke Bt 0.879] gha Holm ol= Rate] efef ofsto]
Swin®] 717 S,0] A710f| e} ShE= AR iy o] 58 Ak ZIAR WA ofF YEE 4
k= ARlel| ofgt 9 wgke] mykg B o= glo] A% WA o) SHEE AT o= AleAlell tsliA

+ AEsior & =art Sl

Fig. 4-3. Earthquake focal mechanism stress inversion result from aftershocks.

EJA| 9T ASAIE A FofA o] Hok 21421 Sk A5
AJAHborehole breakouts, drlll nduced tensile fractures)2HE et 4= Q1o
AlFE U Faioll ditt Fag 2Ry AuE g5 4 glol] dizel AHA
E7For3rh. Al =R Y 2 PX-2 2|9 AlFPgolA 3E Al A=A ST H]
(borehole dipole sonic anisotropy) Aba=2HE 52 W] thet /55 A|Tslict A
At AF-aHe Tt Sot AupE S S 2k Lld] Suke] E444 XE Hgfo] AlFgHe 21gt
Bt Hfo s XEshe F 7H] Suf AdRe] Siafols SRt Aol AlFgellA AlFEH Sl
Aol WAsHH Alg=5H to] B2 FEEo] =T olEtt #EES A= A5
& 2=tk o] miEel AlFEHe] 2wt Wekow ZEohHA] Aufkl= Suf AdEo] AT
JFo g XEshaA HMufel= Suf R St Rl Aol gler oF Sut HlEH A (shear wave
anisotropy)©|2} gtk ol2fgt Suf HIZH/dS AlFgollk HER A=rt Al A SEE AfmelH A
FAANA T AT =0t §he A SEHFS f5ok=t 25| ARSEIL QUHBrie et al., 1998).
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Fig. 4—4= PX-2 AT 3,400~4,350 m 771014 il Aol A2] 214 7
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Fig. 4-4. (a) Dipole sonic shear wave anisotropy in PX-2, indicating the maximum horizontal principal stress
azimuth (b, c).

o|Ate] A= ABSHH 4 km ©]5) AEoA 2] Hti5e2 9] HIgke N74-86°EQ] HIekS Holm St
Rzl Al ARt ENE-WSWe Frhet=-5= o] ot dvbel Avks Helrk(Fig. 4-5). W 1 km o[
R Aol ARt Hrjgeo] Wato] NW-SER Sjdslo] Qs Hee Belch
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Fig. 4-5. The azimuth of the maximum horizontal principal stress (Stmax) as a function of depth estimated from

various data around Pohang.

Z AZ2E(S,)-2 AAsE(overburden) o]

ot AF-o] 27k-g8-s TASH= Al =3, Shmin, SHma) &
oJ5f] 7teliIthH= 71 ot sl Ak RS A T = UL E o8] EFog A 4= Qlom
f p(n)gdn
0
2 3} o7 2= AR, pl AR g Zelslirolt) JRss AUst S, APYe ofe) maA| e A
Zo Wi HUE ARE S Fig 4-60] KOl AT Aml AAlE B3 o2 AFT
3 o]t

(BH-4, Yoon et al., 20113} A& PX-23-2] Fo] A|H(Kwon et al., 2018)-& o83 2H &4



2,000 m A7) FHUEE o] JFo] ool e Fato] AshARt Mrtdos Aref met 7tk
A2 Holth PX-29] 4219 mojA] 345t FojA|B-S o] ga) A3 el 113]9] A3le =3 245t
TZW =2 Avtolt. S, ARRE 18] 1,500 m AR Foi7l WieAtae] gt APSAE B3, 1,500 m 8

RE 4219 m SFHEYe] WER gEgths 7}%4 slol] =g Agsteth PX-2 A9 b 77

PR A 4.2 kmoll o] 97382 106 MPag A=Y,

S5

Fig. 4-6. Rock density measurements using cores extracted nearby borehole (BH-4) and PX-2.
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A7 2AAYSS S S9G4S Fall e8] W Al Fo2] Ay A710f Hitt BEE de
= der 53] Aol d =EEE Rgke 529 Adlavle Alssile o 53 2719 £ o
T AEE ASR Rgk>

R ==/ E=S)
ol ol= | 2F§E(maximum differential stress, $;=S3) oA S8 (S0l oftfe] fIxot=A1&
Yehe 01k $,71 5,00 RS R 00 AR, $,7F S0l Badas: R 19} 77191
ok sfellA] ARte 2AWAYS 52 °ﬂ*} A7}t 8~18 km A9 F 3, 3~7 km AE9] oW A=E
o83t 3= Z-Foll R 27} 0.887F 0.87= HolA 5,9} ;9] =717t AAFs] FAlsite 2 & =+

. F it Fe mE iol’ﬂoﬂ 3 km oJs} Aol FRFolsEZA -SHAAE HEF] Stimax » Sv 2 Shimin
o] 37| &2 Holr, &2 R $90 S8t S5l Shnin®] & AP0 Hol#] gh=ths H2 oujgith

433. NxE FUAERE FE2Ql 38 37| &

PAGEH ASHA] FAHEAA ] 32 F7]of tiet Bt 2HA 8+ 1ol PX-29F PX-1 7]
éoﬂ Al 20169 oF F3E A ARE BASHIHE PX-2049] A WA 2iA=2 2016d 14 29
1] 29 2027k SaElglon] PX-1ZolAE 20169 129 1595 E 129 2797k Saw|gickFig,
4=7). Zt NFgelA A T AZlelle elxi=zoll ofs Al5=5 AdEiZ 27 wgt=r] A deelng ofE
(pressure) 2t =& (injection rate) A7}t 58 F7]of tigt ARE A5 7Fs4do] =Tt

Fig. 4-7. First hydraulic stimulation pressure-time and injection rate-time curves in PX-2 and PX-1.
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A WA £ Ame T 27 & FU0 wE AFE I S P HolFe Amelth PX-29)
7% 31 39 Z2H2016W 19 29~319) w1 42|22 % bleed off 519] well-head pressureS A|A5}3.21
= Qe i FEAS 73Aste] TR 4= Qlrk A 3% B9 B TRl i oF S 34 27000
719] FLT Fellz P57t shath(Fig. 4-8a). A== FURF S7MA171A] @2 Day 1= A|€Jskal Day 29}

64~66 MPa®] o]l = FS wf AdPelA Hlofue Fd= B = F 271 4
o] T AY 7T P2 AT v A 7ol 2A AFgel & ° 2
= ARE BojErt, FAgel mE 4ES7 FAlo] Fold =l ARAgel Hefuhs olfi= a) U
ZollA etubafie]l ofgt Az dde] FA4H F HAS 783 b) 71E AL A el ot =
T2 siAlet 4= Qlrt 140 moll Yohs PX-2 U Fitol= Tt ekl &
TR 7 WA AE 7FsAdel e A 7P AT AR o] e Hasks ekl A 7E Y
7Fs7de] 7V 2 Zlolal whebA] o] §FEle HAUE-SEI fARE 2719 P Zlog FAErh
A1) 64~66 MPa o] 7FliAE g 77H4,208~4,348 m)oll= 105~109 MPa2] ¢t&o] 7FefiA|A] =],
ol FHA R tPdE PX-2 U AkolAo] AZ-EE(S,) 106 MPadt w9 fAKSHY. o] A= PX-2
U 7 Aolr] #HaFEE (S0l AXSEG)Y 7FsAel = AXRIT:

100 ‘ ‘ . T 5 20 T ‘ ‘ T 2
PX-2 PX-1
80 |- 4 - pEc
= o L n
DGE 5 % 15 1 -
= @ 2nd injection =.
s | g = o et Well-head a
) . = [3) =
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= d & @
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(a) (b)

Fig. 4-8. Well-head pressure and injected water volume curves in (a) PX-2 and (b) PX-1.

e os BA4617] ffel PX-104 Fx= U AAIRE 2016 124 15Y 39]9] ¢ Ak=+= Fig.
4-8be}t Lt TPl e dES7 FAL 27)o AP= Ho|thrt well-head pressure”b ©F 15 MPacll
t}. o] Wf PX-1 W3 FEMD: 4,049~4,362 m, TVD: 3,915~4,218 m<]
A2 54~57 MPaoll sigetet. o] ¢ o] Awoxfo] dA2g=(106 MPa)Hr} #A|5] W felo|ns
FH25gT3Y Ao}, I A A= PX-2004 TEE o] w2 52 &

2 EGH (Spmin) BES.
2 S7H105~109 MP2)E Adl] At &= gltk= Hofl ok T 4.2 km AZONAQ] Spmin BXO] 54~57 MPa©|

H—1
)
)
o
R=)
o
g
Y
ol
=
o)
g T
2
»

Hl
%
Y
sk
4>

69



2HH PX-20M % o] ALk o] ofelof] =23l uf dubafol] ot =7t BhAsofstal o =49 o] &
o] ¥ Fojostr] whzol] PX-2¢14] 100 MPa o A3 o= qfelo] et & Adf A {Ho] girh
W2 PX-204 B4R 4.2 km Aol #4533 S7F 105 MPaol2Hd PX-1
] oA T @do] AR A2 AW 7Fssith PX-20014 B4R 38 24 shellA Mz yduka|
< (hydraulic fracturing)®] 7HHel} 712 2HA7FAo] Q1A HaHhydraulic jacking)S S5 ¥4 P
M S5 Zok= o] 28517 o= 7t 7FssHA itk Al B oM e w57t 7hset Fdst 7]
2h2 AlFgel EAlchs AAwtAe] Adke-Fol ot A S(shear—induced dilation)¥} 1of ot
FEE(fracture permeability) S7Fo]ch(Barton et al., 2009). F1% S84 slollA] o]t 4= Aly=]et
7FsA] gelstr] fsiiAl 15 MPad] A3 ool S7H=ke ol w4 o] 71QIRt w7t 7hsst HEE
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Fig. 4-9. Traces of pole orientations of natural fractures that can possibly play as leakage channel when PX-1
borehole pressure is raised by 15 MPa, which are depicted as cyan lines in the stereonet. Three circles indicate
poles of faults estimated from the earthquake focal mechanisms that occurred during the initial stage of PX-1
injection (17~18 Dec 2016).
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Fig. 4-10. Step-rate test results in PX-2 on (a) 02 Feb 2016 and (b) 04 Sep 2017.

71



nprgto 2§20 37|18 Ao ol EASH At WEHTtH (fracture propagation pressure,
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Fig. 4-11. (a) Example of nearly constant pressures (fracture propagation pressures) attained at different constant
injection rates and (b) their trend as a function of injection rate.
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olFe] PX-20l4 de = Ayt F95HA S 106 MPa, Spmn 115~121 MPa2 5l 2]
d AR|E SH 4.2 kmolli= Si@F Spmin©] HISRE 7128, AUSHA Sy  Stimin  Stma®] & 25 T34 =
Foll et SEAAYS HojeErt

AR 2 SRS St 71 AH 2715 AXSkE ATt BAsEE R Foi7] =4 7t
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(Townend and Zoback, 2000). -5-212] 7|5 Algtel= 7 Ake-5517] Golgt Tha0] npdAl ()= B
T B oR JHekE gkl 0.602 7HgstTownend and Zoback, 2000). ©]2{gt 7H4 dlof] X[oi<=
F83-2(Zoback, 2010)
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07 AUKE 4 ] o] Fol APHE S 2 42 km AL 243 MPao]ch, AR7HAIS] H4E B
FBE 59 ALoH] SHRDL Table 4-10] Lok},

Table 4-1. Constrained stress model in Pohang geothermal site.

Target depth 4.2 km PX-2 injection depth

S, 106 MPa based on density measurements in cores extracted from a nearby hole
(BH-4) and PX-2

Po 41.3 MPa assumed hydrostatic

Shimin 115~122 MPa from step-rate tests and fracture propagation pressure analysis in PX-2

S ~243 MPa %)Lrjlirafgeghgy Coulomb friction limit (u=0.6) along the optimally oriented

gg{ﬂrﬁuth N77°E from borehole dipole sonic data

Stress regime Reverse faulting based on borehole-scale stress estimations

R 0.88~0.93 R = (51=52)/(51=S3) = (Stimax=Smim)/ (SHmax=Sv)

TEE S| ZIAFES S 5259 25514 (kinematics) £/} YAJek=A] tigh EA&
EIAE TP 52 A32tm BAS §

EARE vlEY o] Y=tk PX-2 A EA 4 I A LAGE o A

TS 5ol TEHol FR} AARE 214°/43° 2 Elen Z A]Z O] main—shock focal
e 2+ CHEEHle] HAZES 122~136° Helo| e Aoz BAict
Folx] A Aol o] nlET ek g2 o] Wkt F7]of ool =7 whizoll, & AelA 8
S0 o3t THE-s2 WA = A=AIE RISk flth 7hdet Bl BAS AJEstoint. Fig. 4-12¢9]

K
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Fig. 4-12. Modelled rake on the Pohang fault plane as a function of Shmax azimuth and R value for the verification
of the constrained stress model using kinematics of the Pohang fault.
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Fig. 4-13. (a) Slip tendency of the PX-2 (square) injection-related fault and (b) stress condition plotted in Mohr
diagram.
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Seismic analysis for the November 15, 2017 Pohang earthquake and its preceding events
was carried out. Based on various geophysical explorations around the epicenter, well-log
results, and crustal velocity models of South Korea, a 1-D seismic velocity model was
established and used for the analysis. A total of 520 earthquakes were identified during the
period from January 1, 2009 to the occurrence of the mainshock in November 15, 2017.
and magnitudes of locatable events were determined. For the investigation, we selected 98
earthquakes and performed a precise location analysis. The epicenters of the earthquakes
are located in the northwest from the PX-2 well, and the depths are in the range of 3.5
to 4.5 km. The strike, dip, and rake of the fault plane of the mainshock were determined as
214°, 51° and 128°, respectively, and the mainshock was located at 36.1061°N, 129.3726°E,
and a depth of 4.27 km. Moment magnitude (Mw) of the mainshock was determined to be
5.5. The results enable us to classify the earthquakes into PX-1 and PX-2 groups (G1 and
G2), respectively. The epicenters of G1 group are distributed along the northwest-southeast
direction and those of G2 along the northeast- southwest direction. The hypocenters of
G2 group can be approximated by a plane of N-214°E-/-43°NW. It is shown that the G2
plane is similar to the fault plane solution of the mainshock and also found that the
hypocenters of the G2 migrate sequentially from the earthquakes occurred during the
drilling of the PX-2 well to the direction of the mainshock on the G2 plane. If the G2
plane is extended to the PX-2 well, it meets the PX-2 well at a depth of about 3,800 m.
This depth corresponds to a depth (below 3,783 m) where the failure of the PX-2 well
was inferred.
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Fig. 5-1. Location map of seismic stations used in this study.
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SHIT Al 433 A 539] Puf £k= o5 39| & 2A Jéﬂﬂ JE7F RE6h7] wiZoll, Al 353 Al
630 & HeelA 0.01 km/s AR £EE WSA7IH JUS vHEA o8 AXsh= Az T4 WS
ARESIGITE. A 4F3} A] 539 Sub £ Al 650lA AltE Vp/Vs HIE ol8ste] Zsigitt Al 659
SHEE AFE dF ARE olgst] AHsigen, Pulel Sup &= 7b7h 5,85, 3.31 km/so|ch, AR50 5
Foh= Al 73, Al 8%, Al 959 &l ATATAEE Eoiohs A4RA = BEZ AXE Kim et al
20119 A= ARESIFIT) ol RS B &k BdS A 63719 MRS £=rdi} Helsto] Fig,
5-29} Table 517} 22 12 A0} &5 pdle AAAc}

Fig. 5-2. Local 1-D velocity model developed in this study.

Table 5-1. Local 1-D velocity model and its description.

0.000 1.67 0.48 3.48 Refraction analysis and comparison of phase arrival times
0.203 4.0 2.21 1.81 Refraction analysis and comparison of phase arrival times
0.67 5.08 3.03 1.68 Comparison of phase arrival times and check shots

24 5.45 3.07 1.78 Measurement of the least arrival time error

34 5.85 3.31 1.77 Well logging data

7.7 5.91 3.51 1.68 Regional model

12.0 6.44 3.70 1.74 Regional model

34.0 8.05 4.60 1.75 Regional model
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3TEAAZEZAD O BRI 2171(2017081321422) 0] A1} 5L 2%l diste] 55421 ez A%
H AQ9F] 9] AfolakE BE Q] AIAE olFAIFeH, o] AutE FHFAE ARt

5.5.1. 27|92

Single difference ®% 2] 7221 Y= Pufe}l Suko] = A7kt o] 24 LEARHe] ztxbE F 43St}
+ $AE AFtS Bl Aok A=, AR Alktell= Hypoellipse (Lahr, 1999)& ARSI 9FA 2
] BA tido g A2 5207 AKe] WA AJZES 7o & GAlell =T AXAIEC 715E AXu
of| A Pute} SuRe] EEAIRES SRbo = Asto], 47) o] ARl S A9t 27191A1E Akl
o} £ HdoflA 7Rt 3 WA %—4 Zlo] Bt 212 3ol SIx[§H A58 ARIA(VSP stations, PX-2 borehole
chains, and BH4 station) 2] 7|52 ARgst 2|14 A% 2 T3 (Hypoellipse) 2] SHAIZ Qlste] 1= HATT
o2 TS A6k B T?;_ glon= 912 ZAAA Atk
Template matching 2 AA A9 F 520709 A& 5 2719927 2HE F 253709 g2
Fig. 5-30f] =AISIITE o] AXES PX-2 A o=iH AgARe XY ZolE 71Eo= Al 717 %032
= FESHTh A WA 532 AGAY 5 km oVdolA AR 140709] A1XE=R Fd) YA = 62 kme]
of 5 914 32 A A9 5 km Ol‘ﬂoﬂfﬂ gt }"WU zezlo 17} 10 km Xt} Z—l% Ul 7H94 117‘15§

Fig. 5-3. Initial locations of 240 earthquakes detected by the template matching method. Yellow triangle
represents the PX-2 well. Earthquakes whose epicentral distances are greater than and less than 10 km from
the PX-2 well are denoted by red and green circles, respectively. Four earthquakes with focal depth greater than
10 km are plotted as blue circles. Event ID and focal depths of the four events are also represented. Geological
lineaments and faults are shown as dashed lines.
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27195 7Ieo R 7 74 tvdos ARH A9 ARl 912 #EE Hot FelstA 245
flote] T WS40 7155 ofr] AXES] BE} ol T ARREY] AtiA]] 2folE |43} Sk= double
difference ®H-S A-8sto] F 9871 AXIEL] AHhIAlE Aokt o] o 4telli= HypoDD (Waldhauser
and Ellsworth, 2000)& AHgsI}E. 7] Yx17F AAHE 109702 AX5 T SHE T AlZho] 87 njqto]
At AAHEGARZE 2k=7F 971 m]ekel 117H—4 XS Am FFHo= Qlsto] At 93] 249 Agrt d

e/

ofd 7Fs7do] Eo g FAoA Alelstalon, 27] 912 2% IEwt n7 A= AR S5 mdle] A H
A 5 Kok 22 3] Ax)H A 9] 7152 ARSHA] 94ttt Double difference ¥ 9| 3= EI"EHQ]'OV |

e Y BEAoIN S4T Az The AIS0] At BT A7+ e SAsks Zo] e
o} A = AR A 2] $istel, 9 91X} A WQ%ﬂvﬂdﬂﬂdﬁolﬂ%

]_
T ARE o195}

O
-

o
ot ARt £ A7kafol= Pu=-2 Su}) o] ute Ao AFHwaveform cross—correlation)
= olgsto] St olnfl 5= SAH Pupe} Sube] i AR 7o = —0.59014 0.5% Afe] 12
7re] 1y A7 E sty 3z A&l B (cubic spline 1r1terpolat10n) 0|85} sampling rateE
1,000 Hz2 F7HA1ze™, 2~10 Hz9] H9eat EE A8t Sof o ne aoiqint. fda/dds

o]

8=t A =FARE F750] ofele ZRIE Tolls 271914 ﬂﬁoﬂ ARSEISTE T AJEO] Zpol2 FE A
T ARRE S5tk Shtolls tHEAQ] vk 4
QR (LSQR) ¥arej&o] ARgE|glow, AAH AHiiR]e] @AFE off & 7H¢] W o s F4dto] wat A%
Skth A4, LSQR Aifof|x] At Al s 729w AEDste] 4 AdiTAl AlaE whEoiA
ChA] JARS =3851 i tH(Waldhauser and Ellsworth, 2000). ©] #8-& 2003] WHEsSo] AAH At AH
= _‘_1:-_7;]]7(4_; _‘_/H—]‘O:’i _g)_;(]-_- = 2] o]_Oﬂ]:]- %ﬁﬂ /\H:H _?4 f(] 7'31-] /\] D]—]]Eﬂ- H]-_E]_ -L]'X']Oﬂ/q }\]-_Q_EJ /\H:H ._'_]\]
22} AAm S ARgShe] JLAJSE Alg HEA Al O 2 HE] smgu ar value decomposition (SVD)E &dl 4 A&

A2 24519 A Ariel £ WA e E6) 24" AYAE] x-, y-, z-1eke] BFeA= 2,2
ZlEo2 7+ 20, 13, 25 me} 15, 10, 19 m= A2 = zolE Holx] 9=t}
5.5.3. Z|=23]

ST A 7|7 S AXE F 20179 89 13 TARE My 1.2 A71(2017081321422)-&
Z1E Z|ZA o]elef] PX-2 AEA WiFe] 20173 7L 26¥l4 2017¢ 8¢¥ 23U7Ex] AE 1,360 mollA
1,520 m7HA] 10 m 7o = AR = o] G Al5=5 viGA4] XA 7| =5 3iet. o] XZ1A o] 7|55 Put
of Sute] et Azt Zpolo} P-wave YA} 25 A ATE of-8sto] 201708132142a AX19] AY-E HHA
ol ®itH o2 A5, o]F tube waveE AFE-0t] B71oFtHGrigoli, 2018, personal communication). ©]
2AM = 7 7Pk ARlelA 715 AR A=E EEotalon, AA| 27 ke FdstHA AE 514
1 R(EAIRE AARES, tube wave)& ©-85te] A1E A5l whzell B4 Aol AlRert 7H =
Zog wasiGich mEha] 2 dtolis o] AvE S92l &8sttt Grigoli (2018, personal
communication)”} A4S 201708132142a A]719] AT 36.1117°, AE 129.3734°, Z1o] 4.21 km)i} &

(%]
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Aol AAJSE Z Pkl FHA] 2fol= A&, FE, Zdol(downward positive) HEFO 2 ZF2F 3 m, 430 m,

-161 mo]H, o] g5 HA| 2719 Frifix|elx BHAst] HFAAE AAsH 9871 259 A2

PX-2 Q4= 7IEor T2 FAZ PRSIl loH, BA-EE B Re-gA Hde #EE Ade

(Fig. 5-4). %{M 2EA= %E, lo7} 2k} 36.1061°, 129.3726°, 4.27 kmo|H, T}2 ]AE9]
3.

A9 Zol=

Fig. 5-4. Final locations of 98 earthquakes. Yellow, gray, and blue circles represent events 201511300352b,
201704150231b and 201708132142a, respectively. Five immediate foreshocks and the mainshock are denoted by
red and green circles, respectively. Green and blue curves ended by red represent the PX-1 and PX-2 wells,
respectively. Open sections of wells are shown in red curves.

EC o:o

44+H11 22 (Fig. 5-4) 25 € HZFHQl g5 AAE melfd = 3lov, Z4ze] z]xlo] A ofH
S50l o8l TAF=AIE wefolr] flsiie dsHslt Bastt. 9SHsteE 24she el o9

0]

6



Ea

M

A5 A

X

O_L4
M
)

mln
lo
lo oy lo

7EA)7} gl o] ATtefA= Pufe] 2 5.1/H HRE o] 85l tHLay and Wallace, 1995). &
71502 5E Puto] 25 S44S S0t o, AT o] FZH|7F Yol Alio] ofgle Y& 7\]73
o] FAteraA Az es R 2 2|3 7155 Halste] S4& AASIth dF Al5s A
AR wRge] SA4o] FHH Aoz oEE= Zert WA ek webA] PX-2 A|9Po=RE
2 37 km Dol Tl WAE BEmslr) & A4 2016122421202 AA9] o]27 2%
of 7158 & /47 vluwste] AR 1] S ERIstlon, e e 34
Hof] Aolli= 1A A7golA ARESHA] et 22 ol AAH AlFF AXASE AHESHLS
£ AAE vEro 2 HASH (Hardebeck and Shearer, 2002)5& *]-36}01 4=HSE 24
oA 17171R]19] =7 @AFe] A|9lE 685 THEHole] & itotal, S8 o3
Z29] T=mdl e AASIATE Hardebeck and Shearer (2002)01]*1 AR 715 o2t 2
A2 F7I6ko™, Qualiy At Quality Boll sigsk= X352 282t 2871} 257]e|c). &
= ok AL wigRZo] 22 214°, 51°, 128° &2 AAEtHFg. 5-5).

Zoback (1992)e]l AAE HHE-S vt dEHolz FE @525 FHE Sy, SEHalrt 2744
53709] A& F FFolsol 1470, Aol 227H Fols} Aol At FHIF 15712 B7E= ok
A 2|7 HARR] ghgkor, Aohgat Fofolso] 29 Jeie 7I7F WA8sIcHEg. 5-5). &%
5 FHI= HFo] T AGolM= = FFolE Adds FHY AxIEe] Wtk A= L‘?_’r%‘jr.

)

o 1°
lo Ho B X

AL )
W

v

A

41:

L!
o,
o
N
~ 1

2
)
-

4
rJ
]|

R
o

ol
o

% A
&
o2
o

IN
rg,
il
)
o -
ENI
N,
o

o
i

-
Ol)ll
rH
%

_O'L
i)
N
R
r,
o T N 2 oo b

otk
Iz
2
1o
r

=) n{tl
=OIL_“

Fig. 5-5. Distribution of 53 focal mechanism solution. Colors of beachball diagrams represent faulting types
according to the classification of Zoback (1992): Strike-slip (black), Thrust (blue), Strike-slip with thrust component
(red), and Strike-slip with normal component (green).
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5.7. A 12 23

AMEE ZF 520709] 2R FollA 13770 2K 9] g AT 4= Atk AEedo= 2K e A
AR 7EA] BAsHAT, 2 24 13t 23E Ast] flof o
o] A ollA= Sheen et al. (2018)0f|4] AAGE 42 g2 A7 FHALS ARgoto] 2|75 A1 Bt At
21719] Z2] FEM)E Aottt -] A AREET) &3 2RS4 IR H2] 4ol 7
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(Sheen et al,, 2018), FHAN M, =2 A Slalxls AFEE ARTSA9] BS54 BARS =5 He
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TE4 BAGS AREste] 20159 119 3095 E 201749 119 159 ER71x] AZHx] Fof|A] WAyt
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M|, HE+= Richter (1935)9] Ao]of| wa} Wood—Anderson HLANA 2%1S P& AAH 23 2H=
£ LAtsfiof s, o] IPgo A AFats: 457 FEHT) o]= sl AR Wood—Anderson ¥ ZFzoflA]
+ FAIRE AE9] 2 =S S5k of=le), My #RE 245k £t AXEE Wol ZgE| o] gk o]
A2t 727)9] 72 o] AFolA EEH £k Ei= VIS o =3 M, 1] ATHAIE o8d) A
TS Aot T3t template matching methodE ©]-85to] ZFulr} AHH 2715 Folle 1Y AA
sk ¥ Aro 47 B5ste] HEt A19S Ao g ARIEE Wol &
3719] AZ1E FollAl PHA2 =404 2o 1= Aol 7Fset 2|71
Fe=d), R —1.3004 T2 0.60 HAEe] RiLE 71t o] a2
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6 km/s2 75T Az oMol My T2 A2 Tsuboi et al. (1995)2} Prejean and Ellsworth

(2001 ¢] HH-S wgkom, PHA2 Y5404 W54H Puf M|o] 27| njado] Hz o2 HE 271 BHIE(Ak
and Richards, 1980)& =Asto] 4671 AR My THRE AASHITh

20179 49 15¢€ My 3.27 AZ1(201704150231b)2 puto] mig o] ExpAdo 2 9ls] A& el 4R =4
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Y H|E o] gs] T A9 AF BHIE(seismic moment)E Bln$E A3} 201704150231b =]Zlo] oF 148 A
T o & BHEE /A1 Q= Ao ARt o|2HE 201704150231b A9 My~ 3.2921 Aoz
et

20179 119 159 ZF 2738 Rhee and Sheen (2016)°4 ARt B8 ule} puto] HQ] AmlEH]

A My RS 275t puje} Supr % 5] AR AGAY 150 km oo 58714 B ¥54-9)

4 AmERE 2048%0] A 201 s Paf A5 o] §519LY, A2l n} 2ol sk

A A2 HASH] 98l Kim et al. (2016)2] Pu} 4] mele AR2S1aIt) Brune (1970)2] A2 ndd

of ulgt E210] 2L @AE AAsIoH, EXO My 12+ 5.56+0.182 AAE1q, Puto] 1A
Dl 0.60 Hy, 92 781EES 5.6 MPa, 2 HHAS 344 kma A=)

D
X

22 A-30] o] ol EEH 087 X710] XY B AN, Fig, 5-62 o] Aol AR
M THE} My F2.0] AEAE vl Zlolek. 72 209 olAe] A2 F27} 7AFgel A Mgk vt

M= & dAoke A 2RI 4 2low, My 2ot 2|t AES o] 8]t e A2 F2 AJTIAE Kol
S & &t} 71E A4E(Grigoli et al., 2018; Kim et al., 2018)ofl4] ¥raEst 222 My %7t 5.5
5.4 91 AS 7Rkt ff, o] AqtellA AT My = A& 0.02 oA 2t 0.2 A= FA 23H AL
ETh e AFENERe] HlE 9ol 72 2RO My Hi+e 204 SAARE dalete] 19

ol
=

Fig. 5-6. Comparison of magnitude estimates. (a) Local magnitudes of the KMA versus and those of this study.
(b) Moment magnitudes versus local magnitudes. Red circles represent the events published by the KMA.
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A7 R - A QoM o] FRATEe] PAIE AT ET] fIste] AR T Al7]o] mt 2F A7 A%
| os7le] AEE 7 e dFes welth A WA 25(GD2 PX-1 A2
o Bt 7150l F ¥R IE(G2)E PX-2 A F7ollA] o]Folzl Al7]of ARt

1

14 12958 129 1 Aelofl @At 23153 e 271 2340 51 2] et s

- RN

X,
NI

2F A7 G2oll &ok= ARET A ] whizoll G20l F7H4 o= ZAZiH.
2E AAE AR Fig. 5-79] B1-B2 AT o4 2[750] PX-1 A EHe 7I%2= GI G2 &=
HeolA U= A& SRIg 4 Stk Gl& HHEoA 2 BA-ds WUekS wet BEsk=
Skl G2e Ha—9A WU et Kol A0S0l SRttty G2o] 2|7 Zik= FE T4 24 (principal
component analysis)& ARESI] AL S AliFePH /74 F N214° /43°NWoltt. G129} ¢ 54%
of LIxIFE AX=9] AYZot FEE 2750l HIs) ZolRl= = Holu AAAY Y 2=
Th= BrA ol 71Tt
G2 APEHO T/ AR 23 o] FoF/73AR] N214°/51°NWetF -frAfsie. G29f A BH
& PX-2%0= %Sk oF 3,800 m ZololA] PX-29F whA =™ (Fig. 5-7 %), o] Zol= 231 A

Fig. 5-7. lllustration of the classification of groups G1 and G2. Magenta and cyan circles represent locations of
earthquakes belong to group G1 and G2, respectively. The size of circles scale with the magnitude of earthquakes.
Black line in B1-B2 section represents a G2 plane approximated from the principal component analysis.
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ol A% ke ] skl AN G4 AENA Fut o oy okl eskA ot AFF
o] S AR ST ol 3783 mek AAS) LITLHE A-9). olgSl AAE STk P2 703
Apslo] WA ST} BAL 7|2 ZABH FUT BERAIA AR B 25 o8] e

nolol, B0 Qg SR to] PX29] Aolol o 3783 m Holld shed Aoz

Glof| &oh= AxE0] theket G HolE 7F=d]| Hlsl G20l &dl= ARE2 BX1s ZIloto] i
AR BEHSE Ko, o] AXIEIZZRE] 4% G2 TAFFHO] 2pAeke. YA|gict,

AA Ui G2E AI7IEE ohA] AlEste] Z]z1e] A E/48S A5 PX-2 A FAollA] o]Foi A
HO| 2j2}= A7lofl whet G2-1, G2-2, G2-32= ARSI, 71 39 ool WAget A1xs3t 23
2171 2231 9 v Hof] WAEet AXE2 27 G2-03F G2-MO = AlEsiint. ZF A7 HE9IAE G2 &
APg ol ool B ZF Al A7 R 21710 A 91271 Hekels A %} olek 4= Qo G2-09] &5h=
%5 5 1709 A%5E 54217 A=A o] 2|72 PX-22F PX-10]4 2|2f= Alddo] Al2t=7] A
of W¥sI7] wioll ejR=Tre] AEde glovh PX-2 A dAe) 22t iAo A=Y ol =
(mud loss)°] FAERS A-2)3F Al7]e]l Z]3lo] ¥AE5Y7] wiizo] Wiert =2 1199 o4& FUske 1ol
A AREo] gabe Aoz Kol G2-1, G2-2, G2-3, G2-MO.2 A|7|7} geel wet axpzo2 271
o] Y27k G2-00A FE E-AE 121l ZojR= £O= ofFdhe A& EIT 4= Urk(Fig. 5-8). o] o

Fig. 5-8. Locations of G2 events projected on the plane approximated by the principal component analysis.
Colors of circles represent the occurrence period of earthquakes: G2-0 (yellow), G2-1 (orange), G2-2 (green),
G2-3 (blue), and G2-M (purple). Aftershocks of My 3.2 earthquakes are denoted by open circles. Open square
indicates a crossing point of PX-2 borehole and the plane.
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Q0F / Abstract

HAAGLH HSAIE0M 2RSS0 SHE FULHY U fi— O|8ot0f R|=See| 2|54
S MRBIFCE Jacob 2IMHS 012310 2HE 42HEEE HRE 1x107°~1x10°% m/s S &
UL} P |EEHS EOH ZHE S IMETE PX-19] R 1x10°® m/s PX-2&= 5%x107° m/s& A=
SO, $E[BAAE PX-1, PX-2 25 1x107 m?/s2 AEEIQICE BN FMZAZ HEXZ
=AM 2o et £ 7H°| TESE PX-11f PX-2 H0i| £0|=5 2|22 S ot 2 H5A|Y

SAIChe] ol ULH= IS THEAMTIR] MBS HAGIO! AL S2INTS S50 ZHE 22|
SY4I 42IRUS 01BI0) BT AUS 22 PX-13 PX-2 AOI2 EE(M, 5.5 ARI0| st
TH2)2 TEANY ZS SATASE 0.1 mY/s, BEBS 1x10° /s, PX-1 AiB] BB
1 m/s2 ZABIHCL 42ADWY Zh, M, 3.20] ARI0] SABH AIZQI 2017 42 15%(33t 423t

=0| S2E AF) PX-2 FHI}F PX-11t PX 2 MOJ =301 0.1 MPa O] S=¥0] S7IoIRtt. 2!
AlZlo] Zdfet 20173 118 1520 S=Q B I7I= 48 1520 4432 My 5.5 A|ZI0| &
et HEs Zetet Eﬂ% 7~I9ﬂ'01| -‘3—3%*0| S/t Ae=z '—fEf'-*Ef —ﬁl 20174 928 18¢ 52t #2A=

ot Aoz %’ﬂ‘EI‘EiEf. 2{0] 0. OZNO 06 MPa J-E‘ §7f h_ 87 |7‘IO PRI A= A2z
=AU HE0 %!ﬁl% HAEHY [ 0.01 MPa 0l&2] Coulomb S3Hat= 22| &g VA7
IRig S + Ue A= LA Tk PX-20iM2| 32+ #2]A= 0% 0.01 MPa
9| Coulomb SEHFIE AOZ O] Z=Q0| HETT RS ChEO|A SASH 7102 EMEQITt
2018 84 6 PX-11+ PX-201M S&El Alotr?] e 242f 113 m, 740 mRiCt PX-11F PX-2
Ol 2018 88 312 $ B 2019 2 282IA| Alot+RlE fEE'-IHE'OP 2, PX-12] 3% Alst

FRI= 13.7 m &50IUL, PX-2= 35.9 m ¢S0IREE ASY HE AlQ] 27| Askre] Atz= §AIZH
A0 S50t PX-29] A2l AL A ST ot 40 km SHE PX-11} PX-2 LI AlO[2| 7
2] 600 mE 1Y M = R R[okr2l2| Af0l= LA O=2 ALt 2018F 8F 312 AFet Aot

9| Alsfet =1 f SLA C HE BF PX-11 PX-2 AO[0lIM 5| CHEA| LIEIICE 0f2f3t 2
= Q| 2{0|= PX-11F PX-27} 30| 0|oH 2= M2 LE 220 53 U=

|EHO| 71 2f0jof| 2fet BIZYXR +2|FAs w2289 542t Hats 0p/|

[

2 M'Ef OIEJ é*%*@l CHE[510] &f< Ojaalzl & ‘?JRJ’SOH ek Y7142 RLEZE 240 Est

I‘“_l_
N

This study is to analyze spatiotemporal change of pore pressure caused by water injection
under high pressure into the bottom holes of two geothermal wells, PX-1 and PX-2, to
develop the enhanced geothermal system in the city of Pohang, Korea. The hydraulic
conductivity (K) was estimated with the Jacob straight-line time-drawdown method, which
indicated that K ranged from 1x107 to 1x10® m/s, reaching the order of 1x107 m/s
only under the higher wellhead pressure. Hydraulic modeling calibration suggested that
hydraulic diffusivity of rock formation be 1x107% m?/s. This value served as hydraulic
diffusivity of basement rock in the hydraulic models. Based on the results of seismic
analysis, image logging, and cutting sample analysis, hydraulic models were constructed
with two faults placed near PX-1 and PX-2: the fault between PX-1 and PX-2 and the
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fault in the west of PX-1. Hydraulic diffusivities of fault core and damage zone were
estimated as 1x10° m?/s and 0.1~1 m?/s by laboratory hydraulic tests on fault samples
from basement rock in the Pohang area. Hydraulic modeling showed that on April 15,
2017, immediately after the end of the third hydraulic stimulation, pore pressure increased
by over 0.1 MPa around the open hole section of PX-2 and in the fault between PX-1 and
PX-2. On November 15, 2017, when the Mw 5.5 Pohang earthquake occurred, the absolute
magnitude of pore pressure became smaller than that of April 15, 2017, but pore pressure
as high as 0.02 MPa built up over a larger area of the fault plane between PX-1 and
PX-2. It has been shown that Coulomb stress increases of >0.01 MPa are associated with
seismicity rate increase and in many cases triggering earthquakes. Water injection under
high pressure in particular through PX-2 caused pore pressure, enough to incur the Coulomb
failure stress change of >0.01 MPa, to build up in the fault between PX-1 and PX-2.
Groundwater depth measured at PX-1 and PX-2 on August 6, 2018 was 113 m and 740 m,
respectively. Groundwater level monitored in PX-1 and PX-2 from August 31, 2018 to
February 28, 2019 showed that groundwater level increased by 13.7 m in PX-1 and by 35.9 m
in PX-2. Even if there is no data on water level in the early stages of the development of
geothermal wells, groundwater level in PX-2 is too low. Given the distance of approximately
600 m between the open hole sections of PX-1 and PX-2, the difference in groundwater
level at the two points is abnormally large. Geochemical and isotopic “C components of
groundwater collected from PX-1 and PX-2 on August 31, 2018 were significantly different
between them, which suggests, with abnormal difference in groundwater levels, that the
hydraulic condition of PX-1 and PX-2 be separated by the fault between them. Abnormal
hydraulic gradient between the two geothermal wells is likely to be unstable, which requires
long-term monitoring and analysis of groundwater level and micro-seismicity.

2
M

=(

ra

CEN 7 w24 2 %2
HEA] AFe AT ARES B SIoh 20164 19 2990 el 20179 99 18974 A9

(PX-1, PX-2)2 9 B8 F0akck ©50] AASE AFeiel 23 2 BARpe] wislolle #4lo] 53
% o) WOl SEAAIRE AN Zis BYARO] T AR A9y 8 Al B sk

o
£ ABE0R BAT Bast k. 53] 20179 99 189 53 SeldT FRolE BA] A 19
%



6.2.1. AZle| 2SN

PR (K2 HIARAR(S)= a9l St et £S5 276 thizel 3= 240l vl
ZJo [e]

Fa% $oEAoltt SlAS) Wlnh A WS olsiel ZABI AFAH AFee] Sl
e RSy A SRSl e ofdle] Jacob MRS olgatirt.
Q 2
T= 2
471'(52—5 ) nt1

A7VA 51, s9i= ARE Ly, ty0lAS] =ePdstol™, b= PX-1, PX-2 Ygopen hole section)2] Zololct,
AT T'= Kb AL ol8sto] Aklstelth
AZeEke] A= IR 1x1079~1x 107 m/s S HoltkFig. 6-1). 1x107° m/s oiFe] 4
U= Ao o dAH o= A gho=A 74]%%}3}4 U] R HY| offth =
TUSH TR THofA QF=lo] HtE 4ok THaAIR e -9, Jacob A4 o & AMEE BIAFAT=
27} Hojith webA] Jacob AW tiAl thge] WAIAE ol8ste] BIARASE AlLtetlth
S, = pgla+np)

Mo
> 4

Fig. 6-1. Wellhead pressure and injection rate measured during five hydraulic stimulations are plotted with
hydraulic conductivity estimated by the Jacob straight line method.
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olgsto] Aklet gk, FFES TUT AlmE ol8sto] S 0.48%= AMESIGIT) §1 A& ol-&ste] At
H HAFRAGE 5%107 m'o|ck.

oA v Qo] pelREES Sl 5SS SIS sl et S FAdEe AAx
Aoz st erdsS Fofl PX-1, PX-2049] F=E(injection rate)y} F=YeH(inj
Atetgiel. FUEC] SAEA] e F1to] AR EXsP| wizell, peRdE o s F4HE & FUFE 54

=z

o = T

el Hlsl 2A vehdth webA 74 & FAFEThE AR FUES] HSkE Hlwste] AFite] 4
= PX-19] 3¢ 1x107° m/s, PX-2 9] 3¢ 5x107° m/s2 A&

Eolow, B sjax] whor e H9lof &3t FeEhiAlGE PX-1, PX-2 B 1x107% m’/s& A

6.2.2. 33 AlZ7t EtEA

oAl 2k 9] pEfAR=e]] ofRt A1FedRtolA o] 359 HekE E4sk] S8l elRHdPs sasklrt. 4
glrdlEle COMSOL Multiphysics& ©1-88EHCOMSOL, 2018). Fe]Rele 2]Z¢HES: 7uko 2 slo],
M) B5& PX-13F PX-2 FHo] goles ISt Fig. 6-2). AREH A} PX-1 A& g5 &
/g0l F& Y 5 JUARE WOV olF TeoliE B5olehs 8015 ARSI F I =l
w4 2, YIS, ZIAEEH ASATHER | YA )] At dLAIFEALA B 4]
IAE TR o= HESt] AFsil. & @50 2l aRlndy 5How A% AowA A4 27
A gElrde] 7)1 5 km X 5 km X 5 km&Z 78K

i
i
4
%0,
i)

N

Fig. 6-2. Hydraulic models used in numerical calculation for pore pressure perturbation analysis. The upper left
figure shows the hypocenters of earthquakes greater than magnitude of 1.0.
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PX-13} PX-2Afoof] IA]t @52 2017 119 159 My 5.59] Z|xlo] et ©hg-0 24 S5kt 7
Al= 21474300t o] ©E-2 A%sHH PX-2 2949 oF Ak 3,810 mE SRt o] Ak A5 Al o5
o] &Ao] 7K ZA| IAYSE 2loltk(Fig. 6-39] €& T19)). Tt PX-2 AGA R EA4E7, 3,790~3,815 m
Aol A ©=al(fault core)o] TEETHE QoFH A 27 %), TS 3,783 moflA] FolE= 1hy AT
of et FFdSS 7B 4 flGIHFig. 6-39] X 7).

PX-13} PX-2Atolof] EAfoh= @5t/ BEdhe 2= 425 Case

A
damage zone)¥hS ZH= ALE Case B2 AASH] S2jrndse 43451

N

Sl glo] Th=2AM (fault

Fig. 6-3. Plot of mud loss versus measured depth of PX-2 (left) and the acoustic images obtained at the depth
of 3,783 m in PX-2, below which the signal was completely lost (right).
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(a)

(b)

Fig. 6-4. (a) Spatial distribution of pore pressure change (AP) along the vertical cross section passing through
PX-1 and PX-2 and (b) the isosurface of pore pressure change at 0.02 MPa around PX-1, PX-2, and the fault.

102



My 3.2, My 5.5 Ao 285 20179 4 159, 119 15%0] F=3%10] W3S Fig. 6-40] EA|5H]
o} 20179 49 15¢-2 PX-20014] 20179 3€ 16¥5H 4¢¥ 14L4712] AAJE 321 FeE|rp=0] Fad 299]
t} PX-2 3} PX-13}F PX-2 Ato] 0] 0.1 MPa olAte] F=Uo] E71stitt Case A9] 785, TH=EdH

o] EE*ﬁﬂli 2kgop7| tiEe] a=ete] Wbt o st IA] yepdrt §hH ©Esio] gli= Case
B 7, SAEER] Fa9e] BisE dofydth
20179 11¢ 15%0l= 49 159 Hoh 3=49] Ao 271 AT, PX-13F PX-2410]9] SEthE
wabsto] Hot Bl 2o AR g9l S7iEe Ao= yepitth 53] 20174 9¢ 18¢Y 52t ==jA1=0]
T oF 270e] Aagole ok, 0.02 MPa o1d9] F5% #al7} PX-1, PX-2 & Tatioll 't A
o5 EAEG.

20179 49 15¢ My 3.2, 20178 119 15Y My 5.5 A|710] ZdofA o] F=t Wsls =S cHFig,
6-5). Case A, B BFollA 225 o|F FFY0] S7FhH, 5] PX-20149] 32t & 9 ol% T2
3L 7P 3] VT 42t 53F & 9 & F Xgeld Fae] A 271 321 Bt ARARE 13}
= 7Y ol FFY2 FAHCE Tl AoR Uit

e

Fig. 6-5. Pore pressure change with time on the hypocenters of (a) My 3.2 and (b) Mw 5.5.

5aE0] SeulAFE Zot uhAISH J1 1 olAfe] z|7o] HIAEGE 9]x]9} Al Hof|Ae] Tl HiskE Fig 6-6
(2% Dol ZAsIt S22 Bt Ei= 9ol tifRo] 2|xo] A om, Tuff F=9te tiFE 0.02
MPa ooz Vet 12F ej2i5 0% 20164 39 129 WAEH A319] ¢, Case AoA] 3399 ¥
F UERA] okttt ol o] #]zle] Zgdo] T tH(PX -1} PX-2 Ale])9] Aol 912517] el PX-2

off ot F=do] BEdH ez Qs WEHA] Eopr] wiZolet. mEbA Case B Z-¢-Ad T30l /e -7,
AU A 7RI A 25 elA TSelo] 4R ARKAHEA 2SHE FsiA Tl dEE 4 3L

Case A2} Bl Ato]d Zo7 wotect,
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Fig. 6-6. Pore pressure change at the hypocenters of earthquakes greater than M 1.0 versus the time of
occurrence (left), and the histogram of frequency of earthquakes greater than M 1.0 with increasing pore
pressure change (right).

=0l 0.02~0.06 MPa Rhg 718k 739 21319 WANIET} AX= Ao2 ZAE9cHFig. 6-6).
o] AASZAFEYL wf 0.01 MPa o2l Coulomb S&HsH= 2|710] S S7A7|AU A7 3

n:

1_% = =2
ot = Qe Aoz defA Qth(Reasenberg and Simpson, 1992; Stein, 1999). 0.01 MPa2] Coulomb -3
315 oz Aol FI9ko] Hsrt PX-20419] 3}, 52} f=eE|rf=of| oo AlFutat doflA EAeE A
oz BAEQ
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A1720174 114 159)0] B ] A ZA| Qe AFAM 78 WA ol =224 AT<
oA @Az AL AFAS el A F=Beh ZARR A ([ A] -AFA A, 2005, 2007, 2008)2F
2012, 2013, 2014, 2015, 20179 AQLHLAFTAPL §EF 5 km o] olld S4_t AAm(d2212 A1)
oM FHSsHAH.

2| GEAASA 3 g 0] Aokl (depth to water (DTW), m)+= Table 6-17F 2t} 100 m ©[5}2]
dge] 9le 03~238 m=z i . 28y $7 A=(100~300 m) BEe] ¢ BdA o= 31 m
ielo] 915 HATHAREE Al9)). e A= 300 m olge] g2 A Alske919] 2 AEx+= 300.0 m
olx, tiA|l= 63 m H=o] 495 H3ArKTable 6-1).

=R AT AR WA T 7P 22 212 2012, 2013, 2014 A ol 24 AR A=
2,383 me] W or AAWAAFTAV ] QX F AEH HE=(SF 4,300 m)} 7P frAtsle. o] ¥A<]
A5t9Re 102.6~130.0 m Bjol Bt 91 110.5 m=2 YeRth A=g B2t $o] 39 5917}
0.6~140.9 me] HAE Hrt

Table 6-1. Water levels (DTW, m) at the shallow (<100 m), intermediate (100~300 m), deep (300~1,100 m) and
very deep (2,383 m) wells (n=number of wells) before the 2017 Pohang earthquake.

2005 6 2.7 0.4 44.9 10.1 136.6 63.0

2007 46 23.8 0.3 80.3 0.0 151.6 147.9 83.0 0.6
2008 12 3.6 0.4 35.0 5.0 300.0 110.0

2012 2 104.0 103.3 3.3 2.8
2013 1 120.2 103.0

2014 5 0.2 0.2 130.0 102.6 140.1 65.5
2015 3 0.2 0.2 140.9 69.7
2017 5 67.6 35
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ShH Z]FebA AZAlE ] A FAH(PX-1, PX-2)2] 3¢ A 2 o] =95 2tEd 4 Qi A|d
Aol Az I M= o] (drilling fluid)E A&5H 02 £3A|F o 2 4=2]9] 3Rlo] E7Ms01 .o 4
o] 44 oro

A o5 7R 22 Aeeile FA AT 7IRE EF e A; F2olM W A &
Aog il olF A= Alofle FUd HiEel wet 47t B 2ROl mERt(Fig. 6-7).

Fig. 6-7. The groundwater level measured at PX-1 and PX-2 before and after My 5.5 earthquake. The zero level
indicates the flow back.

6.3.2. AT 7 A5krel HE

7R & AZ Ao YAIeE A EH(PX-1, PX-2)9] =¢Hsts mUE k] 98] 2018 8¢Y 31
2AF&ALA (vanEssenAle] TD-level logger)E A@Aell ZF2F g 734 AXI5HGIc) 4919t 422 10+ 1HH o=
7okl om S5 4900l dioixie 719EAS AAlsHTh

Table 6-2+= @0l 5794 2 AlClEE o8l SA3F PX-17} PX-29] s=¢jo|ch. 2018 8¢
649l Aol AGR AT Aol SAT Aolt. 5 589 49 ARE HH 2] 207€(2018.
08.06~2019.02.28) =<F PX-1(27.9 m A3 PX-2(40.5 m A%) 5 AxpF oz 4971 Aot
(Table 6-2). ?HH AZAPD 8 ARG O] 2]5}=9|(Table 6-1 FZ)E 15192 o PX-19] 4= 4
AR SR BT 4 ot PX-21= AUAIA 917 Rot HIAAAS] A2 s

PO
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Table 6-2. Measured water levels and level logger installed depth.

PX-1 113.0 982 9.1 89.7 85.1
WL (m. DTW)

PX-2 740.0 735.0 728.0 7115 699.5
Level logger installed _ P¢] 144.0 144.0 144.0 1440
depth (m, bgs) PX-2 780.0 780.0 780.0 780.0

TH AT BUHPE T ADY BT 4S84 £91 4% D 52 5L Bk 6-8). B
& 7]17H2018.08.31~2019.02.28) <t PX-19] ¢ 497} 13.7 m A551L 2-& —0.53C sHdsksich
T PX-2E $917F 35.9 m Aol 422 —-0.21C oottt 919 A4 s HwsEHA PX-2
(0.1978 m/day, r*=0.9981)7} PX~1 (0.0775 m/day, r*=0.9971) 2t} 2F 2,64 wWi2ct, $HE 97} Ak5gho]
ufe} o] FUHOR Yt gL Bl

Fig. 6-8. Water level and water temperature monitored at the PX-1 and PX-2 since August 31, 2018 in the
Pohang EGS site.

107



64  ECEERTES LI
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Fig. 6-10. The values of 6'°0 and 6D in PX-1 and PX-2.

PX-137} PX-2 ALYl vjEH 23} A4 Be] Asfet BAATE Piper diagramol] EAIIICH
(Fig. 6-11). PX-20] 52143 A] QI A5:7)9] 28 A4galoy] ho] PX-2014 djEE 27} #4:7)9]
Asfel JR lSalATt PX-1004 Ml 2& A4 AT T 2d4e] 54 HoE)

Fig. 6-11. Piper diagram for flow back water from PX-1 and PX-2.
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6.4.2. EFLM T 40| 5H5t E4

20189 8 PX-17} PX-2 Aol A1t B2 Shals] Az The Asfst B4 HoFT QIFFg 6-12),
olefet A3K5} S} AJ519le] Aol(Fig, 6-7)= PX-13} PX-27F M2 T2 eldkaol 9182 ARk,

Fig. 6-12. Stiff Plots for groundwater from PX-1 and PX-2 before and after My 5.5 earthquake.

FAFAA SAFAYA(MO)E EEote] A5k §52 Hrely] skl My 3.2 A% My 5.5
2171 & PX-12} PX-2 X849 &4 T ¥4 gk BluskirhFig. 6-13). My 3.2 271 $21 2017¢ 44
off ZjF et =2 B4 FAUA gh2 PX-13 PX-2 ZAFAo] & ztol7} gl)lo, My 5.5 AX & =9 &4
YA T PX-13 PX-2 A FAo] & 2polg Helth PX-1 AF8Ae] “C st IA F71elo] 32 A
skpete] 29k Uepla 9lom PX-2 2472 “C B ot aslel & o dyo] St Ao H
olct, E3t 6 °C-DIC (Dissolved Inorganic Carbon) 59€4 Ze My 5.5 2% ¥ 6 BC-DIC 5994
e PX-13} PX-2 Z|GH Afelof|A] ZlolE H itk

Fig. 6-13. The values of "C for groundwater from PX-1 and PX-2 before and after the My 5.5 earthquake.
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Appendix

A-1. Acoustic image logging data of PX-1 and PX-2 geothermal wells
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Image 3. Three different sections of the well worth commenting on; the casing cut, the
casing shoe and the obstruction at 4098m that could not be passed.

Fig. A-1-1. PX-1 well structure and acoustic images near the open hole section (from HADES report). The
cement shown after the casing section continued from the casing shoe until 4,097 m (measured depth) where
the tool stopped.
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1512

Fig. A-1-2. PX-2 well structure and acoustic image around 1,512 m depth which indicates detection of a hole
in casing (from HADES report). The hole matches the casing damage during the 5™ hydraulic stimulation reported
by EGS project team.
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Appendix

Image 4: Complete loss of signal below 3783m as shown in these 3D images

Fig. A-1-3. PX-2 well acoustic image above 3,783 m and complete loss of acoustic signals below 3,783 m (from
HADES report). While the PX-1 acoustic signals were obtained below the casing shoe to open hole section, the
acoustic signals of PX-2 were not obtainable because the tool stopped at 3,783 m that is 425 m above the casing

shoe.
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A-2. Mud loss and microseismicity

Fig. A-2-1. Mud loss depths and mud density of PX-1 (old), PX-1, and PX-2 wells (above) and temporal distribution
of accumulated mud loss and seismicity (below).
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Appendix

Fig. A-2-2. Temporal distribution of seismicity plotted on mud loss.

119



A-3. Earthquake catalog near the EGS site since 2009 to the 2017 Pohang earthquake

1 201511300352b  11/30/2015 03:52:20.35 36.109063  129.376802 3.956  0.803 0.972 -
2 201602021416a  02/02/2016 14:16:37.84  36.108900  129.376029  4.044  -0.221 - -
3 2016020214482 02/02/2016 14:48:10.84  36.107615 129.376354 4.036 -0.228 - -
4 2016020316082  02/03/2016 16:08:15.38  36.108115 129.375695 4.018 -0.458 - -
5 201602040355a  02/04/2016 03:55:45.64  36.108742  129.375671  4.094  0.546 - -
6 201602041909a  02/04/2016 19:09:52.44  36.108827  129.376037 4.098  0.693 - -
7 201602060511a  02/06/2016 05:11:31.03  36.107029  129.3758382  4.055 0.704 1.169 -
8 201602061501a  02/06/2016 15:01:33.72  36.108726  129.375882 4.084  0.704 - -
9 201602072204a  02/07/2016 22:04:12.28  36.107179  129.375004  4.107  1.143  1.619 -
10 201602072204b  02/07/2016 22:04:15.40  36.107118 129.375500 4.149  0.642 1.286 -
11 201602072205a  02/07/2016 22:05:04.70  36.107619 129.374564 4.105 -0.057 - -
12 201602161432a  02/16/2016 14:32:32.50  36.108591 129.372172  4.253 -0.215 - -
13 201602170743a  02/17/2016 07:43:44.02  36.106927 129.375215 4.073  0.673  1.090 -
14 2016021813082  02/18/2016 13:08:16.51  36.108302 129.376224  3.98  0.613 - -
15 201602181618a  02/18/2016 16:18:08.99  36.107460 129.374857 4.172 -0.730 - -
16 201603120725a  03/12/2016 07:25:146.75 36.107871 129.375199 4.028 0.757 1.171 -
17~ 201603281425a  03/28/2016 14:25:31.55  36.108062 129.373661 4.364 -0.074 - -
18 2016082211482  08/22/2016 11:48:29.20  36.108339 129.377233 4.029 0.773 1.189 -
19 201612171442a  12/17/2016 14:42:24.99  36.110577 129.373270  3.967 -0.381 - -
20 201612171459a  12/17/2016 14:59:31.32  36.111692  129.373742  3.967  0.050 - -
21 2016121722282  12/17/2016 22:2823.46  36.113421 129.371854  4.243  -0.360 - -
22 201612181106a  12/18/2016 11:06:34.14  36.111025 129.373791  3.859 -0.025 - -
23 201612181843a  12/18/2016 18:43:44.36  36.112847 129.371822  4.273  0.818 1.471 -
24 201612190220a  12/19/2016 02:20:36.62  36.111460 129.374035 3.767  0.905 1.407 -
25 2016121905182  12/19/2016 05:18:48.71  36.111212 129.373840 3.967 0.374 - -
26 201612190804a  12/19/2016 08:04:21.25  36.111700 129.374621 3.783  0.574 1.104 -
27 201612191424a  12/19/2016 14:24:18.20  36.111464  129.373172 4129 -0.221 - -
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28 201612192202a  12/19/2016 22:02:34.40  36.110605 129.374662 3.832 0.666 0.577 -
29  201612200756a  12/20/2016 07:56:08.02  36.111667 129.373238 4.171  1.213  1.464 -
30 201612201110a  12/20/2016 11:10:51.21  36.113275  129.371008  4.235 -0.065 - -
31 201612201622a  12/20/2016 16:22:26.81  36.110988  129.373262  3.747  -0.271 - -
32 2016122022492  12/20/2016 22:49:1858  36.111086 129.374393 3.726  -0.435 - -
33 2016122100402  12/21/2016 00:40:23.34  36.112819 129.370731 4330 0.934 1.345 -
34 201612211107a  12/21/2016 11:07:02.95 36.111615 129.374662 3.838 -0.019 - -
35 201612211445  12/21/2016 14:45:42.83  36.114544  129.372058 4.221  -0.059 - -
36 201612211509a  12/21/2016 15:09:51.02  36.114406  129.372123  4.256  -0.455 - -
37 201612220053a  12/22/2016 00:53:58.26  36.111452 129.373970  3.732  0.750  1.407 -
38 201612222031a  12/22/2016 20:31:32.52  36.112607 129.372106 4.275 1.804 2.192 2.2
39 201612230422a  12/23/2016 04:22:19.70  36.113397  129.371529  4.352  0.273 - -
40 201612240751a  12/24/2016 07:51:50.70  36.112803  129.371415 4291  0.172 - -
41 201612240845a  12/24/2016 08:45:26.54  36.110076 129.375036  3.793  0.641 1.056 -
42 201612250059  12/25/2016 06:59:49.96  36.110117 129.374190 4.040 0917 1.039 -
43 201612251113a  12/25/2016 11:13:03.86  36.114231 129.370658  4.408 -0.397 - -
44 2016122520302 12/25/2016 20:30:37.14  36.114565 129.370479 4430 -0.766 - -
45 201612281512 12/28/2016 15:12:14.44  36.112575 129.371382 4294 0911 1.315 -
46 201612281846a  12/28/2016 18:46:24.88  36.111456  129.372310 4.031 -0.189 - -
47 201612291232a  12/29/2016 12:32:25.47  36.113035 129.373726  4.069  2.148 2.355 2.3
48 201612291234a  12/29/2016 12:34:20.53  36.112843  129.373400 4.040 -0.121 - -
49 2016122916352  12/29/2016 16:35:09.71  36.112961 129.375142  4.090 -0.349 - -
50  201612291650a  12/29/2016 16:50:2851  36.110170  129.374418  3.764 0314 0.920 -
51 201612291740a  12/29/2016 17:40:01.66  36.112388  129.373604 4.076  -0.204 - -
52 201701151213a  01/15/2017 12:13:30.14  36.111248 129.374336  3.961  0.015 - -
53 201704081313a  04/08/2017 13:13:55.33  36.108534 129.375931 4.130 0442 0.718 -
54 201704131401a  04/13/2017 14:01:59.50  36.108986 129.374906  4.104  -0.252 - -
55  201704150117a  04/15/2017 01:17:58.02  36.109873  129.375622 3.986 0.574 - -
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56 201704150213a  04/15/2017 02:13:42.95  36.109523  129.373815 4.074  0.248 - -
57 201704150231a  04/15/2017 02:31:07.25  36.107025 129.374947  4.096  1.552  1.558 -
58  201704150231b  04/15/2017 02:31:12.99  36.107737  129.374572 4146  3.265 3294 3.1
59  201704150231c  04/15/2017 02:31:41.43  36.107208 129.377030  3.980 2.026 2.092 -
60  201704150232a  04/15/2017 02:32:06.35 36.107244  129.375931  4.054  1.450 - -
61 2017041502352  04/15/2017 02:35:25.50  36.106951  129.373335 4.245 0.712 - -
62  201704150236a  04/15/2017 02:36:30.21  36.106573  129.372554  4.252  0.374 - -
63 201704150411a  04/15/2017 04:11:13.93  36.107456  129.378006 3.980  0.149 - -
64 201704150427a  04/15/2017 04:27:34.90  36.105055 129.371936  4.129  0.075 - -
65  201704150431a  04/15/2017 04:31:07.54  36.105222  129.372456  4.209  0.396 - -
66  201704150512a  04/15/2017 05:12:40.05  36.107602  129.376029  4.007  0.472 - -
67 2017041505282  04/15/2017 05:28:59.30  36.108131 129.374849  4.106  0.697 - -
68  201704150816a  04/15/2017 08:16:47.03  36.106601 129.372180 4.274  2.058 2145 2.0
69  201704150947a  04/15/2017 09:47:59.70  36.106601  129.375305  4.028  0.450 - -
70 201704151702a  04/15/2017 17:02:30.16  36.105849  129.373335 4.109 0.484 0.869 -
71 2017041600232 04/16/2017 00:23:08.50  36.107419  129.372554  4.164  0.147 - -
72 201704160144a  04/16/2017 01:44:46.80  36.103843  129.369144 4202 0968 1.552 -
73 201704160150a  04/16/2017 01:50:17.79  36.103985 129.369177  4.195 0.743 1.270 -
74 201704160941a  04/16/2017 09:41:37.46  36.110056 129.376761  4.10  0.353 - -
75 201704172023a  04/17/2017 20:23:47.46  36.110129  129.378055 4.108 -0.018 - -
76 201704201307a  04/20/2017 13:01:36.25 36.103651 129.369283 4.167 0.673 1.210 -
77 201704202214a  04/20/2017 22:14:20.48  36.106545  129.374637  4.072  0.657 0.763 -
78  201704211857a  04/21/2017 18:51:04.12  36.105214  129.372741 4129 0451 0.744 -
79 201704212358a  04/21/2017 23:58:10.32  36.105678  129.372928  4.127  0.958 1.262 -
80  201704280900a  04/28/2017 09:00:30.58  36.107908  129.375020  4.201  0.205 - -
81  201704301937a  04/30/2017 19:37:01.50  36.110186  129.375589  4.119 -0.621 - -
82  201705061631a  05/06/2017 16:31:49.78  36.108428 129.373661 4.213  -0.045 - -
83  201705181904a  05/18/2017 19:04:32.58  36.104754 129.371805 4.119  0.885 1.433 -
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Origin time (UTC) Latitude Longitude Magnitude

(mm/dd/yy hh:mm:ss.sss) CN) (°E)

84  201708132142a  08/13/2017 21:42:36.88  36.111700 129.373400 4.210 0.668 1.205

85  201709110719a  09/11/2017 07:19:24.37  36.112115 129.375061 3.855 1.536 2.028 -

86  201709151933a  09/15/2017 19:33:49.56  36.106028 129.374784 3986 0.732 0.816 -

87  201709160855a  09/16/2017 08:55:55.76  36.107358 129.373685 4.088 1779 1.675 -

88  201709161132a  09/16/2017 11:32:50.84  36.107151  129.373107 4.082  -0.007 - -

89  201709221427a  09/22/2017 14:27:21.12  36.107969  129.374556  4.186  1.173  1.539 -

90  201709221427b  09/22/2017 14:27:41.34  36.107961 129.374304 4.205 0.769 1.273 -

91 201709221809a  09/22/2017 18:09:55.16  36.107720 129.373824 4241 1330 1.583 -

92 201709262046a  09/26/2017 20:46:43.24  36.107505 129.375077  3.855  0.150 - -

93 2017111419552  11/14/2017 19:55:115.00  36.105625 129.372725 4123 1.597  1.665 -

94 201711142004a  11/14/2017 20:04:17.00  36.105430 129.372741 4124 1704 1.778 -

95  201711142059a  11/14/2017 20:59:37.64  36.105462  129.372969  4.102  1.254  1.567 -

96  201711150522a  11/15/2017 05:22:32.19  36.105466 129.372896  4.092 2115 2197 22

97  201711150522c ~ 11/15/2017 05:22:43.57  36.105369 129.372180  4.150  2.859 2.717 2.6

98  201711150529b  11/15/2017 05:29:31.33  36.106093  129.372595 4.270 5345 5560 5.4
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A-4. Temporal distribution of earthquakes and EGS project activities

Fig. A-4-1. Temporal distribution of EGS project activity and seismicity of events with location certainty.

Fig. A-4-2. Temporal distribution of EGS project activity and seismicity of events whose magnitude was
determined.
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A-5. Microstructures of fault gouge and breccia from the 3800 m fault zone in PX-2 borehole

Results from the analyses and observations on the PX-2 drill cuttings (Figure O-3 in Section 3.2)
clearly revealed a fault at depths from 3,790 m to 3,816 m. Most convincing evidence for the fault is the
abundant fault gouge and breccia recovered in the form of round—shaped mud balls at the depth interval
(Figure O—3b in the main text). Mud balls are weak and can be crushed easily with hands. They exhibit
a variety of interesting deformation microstructures typical of fault gouge and breccia, and Figures A—5-1
and A-5-2 show more examples. Five to ten mud balls were impregnated with a low viscosity epoxy
under vacuum (Fig. A—5-1a), impregnated specimens were polished with sandpapers, and observations
were made on oiled surfaces of polished specimens under stereomicroscopes. Quality of photomicrographs
depends on surface roughness, rougher surfaces yielding less shiny photomicrographs. More than 100 mud
balls were observed and without any exception those were composed of fault gouge and breccia. Visible
fragments (called clasts) occupy more than 30 % of the whole rocks in fair number of mud balls and
fault rocks are classified as fault breccia. Fault rocks shown in Fig. A-5-1(a) to (¢) and in Fig. A-5-2(d)
and (e) are fault breccia. Fault rocks will be analyzed further to characterize the nature of the fault zone
closely in the future.

XRD analysis of mud balls from a depth of 3,812 m (PX-2) revealed plagioclase 46 %, K—feldspar
9 %, quartz 9 %, chlorite 19 %, chlorite/smectite mixed layer 11 % and illite 6 %. Granitic fault gouges
in Korea and elsewhere at surface outcrops contain smectite which lowers a friction coefficient typically
down to levels of 0.05 to 0.3. However, temperature at depths around 4,000 m in Pohang exceeds the
stability condition of smectite. Future friction and fluid—flow experiments using the recovered gouge will
yield reliable frictional and transport properties of fault gouge which will be useful in mechanical analysis

and modeling of induced/triggered earthquakes at the EGS site in Pohang,.
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Fig. A-5-1. Photomicrographs of polished specimens of fault gouge and breccia recovered from the depths of
(@, b) 3,791 m, (c) 3,798 m, (d, ) 3,803 m in PX-2 borehole. (b) and (e) are close-ups of rectangular portions
in (@) and (d), respectively. Observations were all made under two stereomicroscopes.
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Fig. A-5-2. Photomicrographs of (a, b) clayey foliated fault gouge nearly free from visible clasts (3,806 m in
depth), (c) highly sheared gouge between clast-rich zones (3,813 m), and (d, e) fragments of fault breccia that
are both deformed internally (from depths of 3,804 m and 3,812 m, respectively). (b) is a close-up of the
rectangular portion in (a); note that the gouge in (b) is finely foliated.
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